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ABSTRACT 
 
 
Gelation is one of the main functions of food proteins. Protein gelation has been utilized 
to improve physical properties of protein-based products or for delivery of bioactive compounds. 
On the other hand, the control of gelation is very important to prevent formation of gel network 
which may affect performance of the process or final physicochemical properties of product. In 
this research, gelation mechanism of two different proteins, zein and whey protein, were 
examined in ethanol-water mixture. 
Zein is an amphiphilic protamine which is capable of self-assembly into distinctly 
different structures. Self-assembly of zein at high protein concentrations was studied in binary 
solvent systems of ethanol and water. Ultra-small angle X-ray scattering (USAXS) was used to 
characterize zein ensembles formed in aqueous ethanol. The results showed that zein assemblies 
possessed three levels of structural hierarchy. Zein formed rod-like structures at one dimension 
(1D) which self-assembled into two dimensional (2D) platelet-like structures. Platelet-like 
structures were organized to form spherical assemblies. In presence of oleic acid, zein interacted 
with oleic acid by forming 1D structure different than rod shape and larger platelet-like 
structures compared to 2D zein assemblies. Oleic acid facilitated formation of spherical 
structures with smooth surfaces. It was observed that self-assembly caused transition from sol to 
gel state in some conditions which depended on protein concentration and ethanol content of 
solution. Rheological measurements showed how the viscoelastic properties of zein samples 
altered with gelation and gel stiffness was increased as the protein concentration was increased. 
Oleic acid incorporated gels significantly higher storage modulus than zein gels. Raman 
spectroscopy suggests that gelation was driven by transition from α-helix to β-sheet 
conformation. 
iii 
 
The aggregation and gelation behavior of whey protein in alcohol-water mixture was 
investigated with rheological measurements. To examine the effect of whey protein composition, 
whey protein concentrate (WPC) and whey protein isolate (WPI) were used. Instant gelation of 
WPI in ethanol-water mixture was observed at 10% (w/v) and above protein concentrations 
where the gel stiffness increased as ethanol content of solution was increased. WPC showed 
different viscoelastic properties in varying ethanol contents than WPI counterparts. The gel 
network established in 20% WPC collapsed by further addition of ethanol to adjust final ethanol 
content to 60% (v/v). Ethanol-induced protein gelation mechanism was utilized for stabilization 
of lutein-in-safflower oil emulsions in whey protein gel matrix. Stabilization of droplets were 
achieved for both nanoscale and microscale droplets. As the process does not involve any heat 
treatments, lutein was well-preserved throughout the process. X-ray diffraction data showed no 
evidence of lutein crystallization, suggesting that lutein remained dispersed within the oil 
droplets. 
 The results of this study demonstrated that proteins could form gel network in presence of 
ethanol. This research can help to control of structure formation through self-assembly in zein 
film production and to formulate hydrophobic or hydrophilic compound incorporated protein gel 
delivery systems. 
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CHAPTER 1  
INTRODUCTION 
Proteins self-assemble into supramolecular structures to accomplish their functions in 
biological systems. Considerable attention is presently focused on understanding protein 
aggregation (Lapidus, 2013; Redler et al., 2014). Self-assembly of protein may end up with 
formation of undesired protein aggregates which may exhibit reduced or no biological activity 
and other side effects. It is known that protein aggregation is associated with many diseases 
including Aizheimer, Parkinson’s disease and Type II diabetes (Lee et al., 2011; Invernizzi et al., 
2012). From an industrial point of view, protein aggregation is a concern to a variety of 
applications that involves proteins in formulations. For instance, proteins are commonly used in 
developing well-ordered vesicles for drug delivery through self-assembly due to their 
biocompatibility and biodegradability. However, it is also important to circumvent aggregation 
of protein to maintain their stability during storage (Roberts, 2014). 
Controlling the self-assembly of peptides and proteins is a recognized approach to obtain 
well-ordered structures for biomedical applications and other pursuits (Gao et al., 2009; Liang et 
al., 2009). In self-assembly processes, biomolecules rely on noncovalent interactions including 
hydrophobic, electrostatic or van der Waals to form complex hierarchical structures. Under 
specific conditions, self-assembly leads to gelation. Gels are solid-like materials that comprise of 
polymer network swollen in a liquid medium (Almdal et al., 1993; Ahn et al., 2008). The 
network can be established through either chemical or physical interactions which determine 
durability of gel against gel-to-sol transition. Gels formed through chemical associations are 
irreversible gels that have permanently crosslinked three dimensional networks while reversible 
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gels involves physical interactions such as hydrogen bonds, van der Waals or ionic interactions 
which can be easily broken under applied forces or temperature. 
The hierarchical structured gels can be formed by exploiting spontaneous or induced 
molecular arrangement of proteins or peptides. The morphology of self-assembled aggregates 
may be altered by the solvent employed. Wang et al. (2016) reported that diphenylalanine 
formed microcrystals in low ethanol environments, while opaque organogels resulted at higher 
ethanol content. Similarly, trace amounts of water promoted the formation and growth of 
diphenylalanine fibers, whereas crystal formation was predominant in lack of water. Variations 
in solvent composition play a key role in manipulating self-assembly of proteins or peptides. 
Zein, a storage protein of corn, is readily dispersible in water-ethanol mixtures (40-90% 
ethanol). Over 50% of amino acids in its primary structure are hydrophobic
4
. Zein is an 
amphiphilic prolamin which drives zein self-assemble into distinctly different structures (Wang 
et al., 2008; Wang and Padua, 2012). By self-assembly, zein is able to form various 
microstructures including fibers, films, sponge-like structures and spheres, which have 
potentially broad applications as components of delivery systems for drugs, bioactive 
compounds, or nutrients. Although self-assembly and morphology of zein structures after solvent 
evaporation have been reported before (Wang and Padua, 2012), the microstructure of zein 
assemblies in solution remains unclear. Previous dynamic light scattering study showed that the 
hydrodynamic radii of zein aggregates decreased with an increase in ethanol content from 70% 
to 90%, whereas a sharp increase in diameter was observed above 90% ethanol (Kim and Xu, 
2008). 
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Whey proteins are globular proteins that separated from curd in cheese production. Whey 
protein is a generic name given to a group of proteins present in whey containing high proportion 
of β-lactoglobulin and α-lactalbumin. Whey proteins have many functional properties such as 
foaming, emulsifying or gelling. The gelling ability of whey proteins is very important feature 
because it can be used for thickening foods, production of new food products or developing new 
drug delivery systems (Gunasekaran et al., 2006). Gelation can be induced by heating, pH, high 
pressure application, and enzymatic activity but studies on gelation of whey proteins in presence 
of non-solvents are limited and possible applications of this type of gelation have not been 
reported yet.  
In this dissertation, protein gelation mechanism in presence of ethanol was investigated 
under different conditions using two different types of proteins: zein and whey protein. In 
Chapter 3, the self-assembly of zein in ethanol-water mixture was studied and the hierarchical 
zein structures were identified using ultra-small angle X-ray scattering (USAXS) technique. The 
effect of ethanol content and protein concentration on morphology of zein assemblies were 
examined and changes in hierarchical structures over time were monitored using USAXS. The 
rheological behavior of zein dispersions in ethanol-water system before and after aging was 
tested and conformational changes occurred on protein structures were confirmed by Raman 
spectroscopy.  
In Chapter 4, zein assemblies were constructed with oleic acid in binary solvent of 
ethanol-water and aged for four months. USAXS was used to characterize the self-assembled 
hierarchical zein-oleic acid structures after preparation of oleic acid incorporated zein 
dispersions and at the end of storage period. The viscoelastic properties of oleic acid added zein 
dispersions were tested with flow sweep and oscillation time sweep tests. The mechanical 
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properties of oleic acid containing zein gels were also measured. The structural changes on 
protein structure associated with ethanol were studied for both dispersions and gels with Raman 
spectroscopy. 
Chapter 5 is dedicated to the evaluation of the effect of ethanol addition on gelling 
behavior of whey protein. For this purpose, whey protein concentrate and whey protein isolate 
were used to assess the contribution of protein concentration and other substances on gelling 
behavior of whey protein in presence of ethanol. The minimum ethanol content and protein 
concentrations required for instant gelation were determined by rheological measurements.  
In Chapter 6, the potential of ethanol-induced protein gelation was utilized to stabilize 
lutein-in-safflower oil emulsions by entrapping oil droplets in a quickly gelling matrix. The 
lutein droplets in liquid media was characterized by dynamic light scattering (DLS) and 
transmission electron microscopy (TEM) was employed to examine the structure of dried gel 
samples and to investigate the effect of gelation and drying processes on lutein droplet size. 
Raman spectroscopy was used to confirm the chemical stability of lutein, and X-ray diffraction 
was used to investigate the possible formation of lutein crystals in gelled and dried samples. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 ZEIN 
Zein, the major protein of corn, was first isolated by Gorham (1820). Zein comprises 50-
60% of endosperm proteins. Zein is a prolamin containing high proline and glutamine content. 
Prolamins are water insoluble but they can be dissolved in binary organic solvents such as 
alcohol-water mixture. Because zein contains both hydrophobic amino acid residues (i.e leucine, 
alanine, prolin) and hydrophilic content such as glutamic acid, glutamine, and asparagine, zein is 
insoluble in water or anhydrous ethanol but dissolves in ethanol-water mixtures. The nutritional 
quality of zein is very due to absence of essential amino acids but it is valuable polymer for 
industrial uses.  
2.1.1 Nomenclature 
Zein is classified into four different fractions based on their amino acid sequences, 
molecular weight and solubility in alcohol: α-zein (70-85% of total zein), β-zein (1-5% of total 
zein), γ-zein (10-20% of total zein) and δ-zein (1-5% of total zein). Figure 2.1 shows zein 
fractions separated by SDS-PAGE based on molecular weight differences. 
α-Zein is the most abundant zein fraction in corn. It is separated in two subgroups on 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) based on molecular weight and 
referred as Z19 and Z22. The molecular weights of these subgroups are 23,000-24,000 Da and 
26,000-27,000, respectively (Pedersen et al., 1982; Heidecker and Chaudhuri, 1991). Z19 
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consists of 210-220 amino acid residues whereas Z22 contains 240-245 amino acids. According 
to Esen (1987), α-zein is soluble in 55-90% isopropanol. α-Zein is insoluble in pure water due to 
high hydrophobic residues such as phenylalanine (4-6%), alanine (14%), proline (9-11%) and 
leucine (18-20%). α-zein can be extracted from corn gluten meal with aqueous ethanol while 
other fractions require using of a reducing agent to be extracted, therefore only α-zein is 
commercially available fraction of zein. 
β-Zein has a molecular weight of 17,000-18,000 Da and is rich in methionine and 
cysteine which is involved in intermolecular interactions through disulphide bonds . The 
extraction of β-zein is only possible in presence of a reducing agent. β-Zein is soluble in 60% 
ethanol while it precipitates in 95% ethanol (Paulis, 1981). 
The second abundant zein protein is γ-zein and contributes to 10-20% of total zein. γ-zein 
has a molecular weight of 27,000 Da. Similar to α-zein, γ-zein is high with proline in polypeptide 
Figure 2.1. SDS-PAGE of different fractions of zein (Hamaker et al., 1995) 
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chain but they differ in number of cysteine residues on the protein structure. α-Zein contains 1-3 
cysteine residues while γ-zein has 12-15 cysteine on its structure. 
The δ-zein was identified later than the other fractions. The proportion of δ-zein is very 
low in total zein. The polypeptide chain of δ-zein consists of 129 amino acid residues and 
molecular weight of 10,000 Da (Esen, 1990). Zein lacks the essential amino acids lysine and 
tryptophan. 
2.1.2 Zein molecular structure 
The structure of zein in solution has been investigated in many studies and different 
structural models have been proposed (Argos et al., 1982; Shewry and Tatham, 1990; 
Matsushima et al., 1997).  
The first structural model for zein was proposed in early 1980s. Argos and coworkers 
(1982) proposed a structural model for zein by studying conformation of α-zein in 70% methanol 
using circular dichroism. The α-zein contains 50-60% α-helical structure with random coils and 
turns comprising the remaining structures. According to their proposed structural model, α-zein 
consists of 9 antiparallel α-helices with similar amino acid sequences clustered into a wheel 
configuration (Figure 2.2) resembling cylindrical shape. The adjacent helices are linked with 
glutamine turns which are located at top and bottom of cylinder. Stacking of zein could be 
possible through glutamine interactions between zein molecules. The axial ratio for zein is 
predicted as approximately 2:1 in the model. 
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Figure 2.2. Proposed helical structural zein model a) helical wheel model for zein α-
helix b) top view of nine-helical zein structural model and c) model for orientation and 
stacking of zein (Argos et al., 1982) 
a) b) 
c) 
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Later, Small angle X-ray scattering (SAXS) technique has been used to develop a new 
structural model for zein. Matsushima et al., (1997) explored the dimensions of zein in 70% 
ethanol with SAXS over concentration range of 2-40 mg/mL by using reducing agents. They 
modified previous zein structural model according to obtained data and proposed a different 
model for zein. In the developed model, 9-10 helices (each comprises of 20 amino acid residues) 
are linked through glutamine turns and linearly align perpendicular to helical axis which gives 
rectangular prism shape (Figure 2.3). The proposed rectangular prism model has dimensions of 
13 × 1.2 × 3 nm
3 
(length × helix diameter × height) with an axial ratio of 6:1.  
2.2 WHEY PROTEIN 
Whey is produced in large amounts as by-product of cheese making. Whey consists of 
water, protein, lactose, mineral ions and fat. Whey is further purified to remove non-protein 
substitutes and increase protein concentration. Proteins isolated from whey are called whey 
proteins. Protein enriched whey products were categorized into three forms based on protein 
concentrations namely whey protein concentrate, whey protein hydrolysate and whey protein 
isolate. Whey protein isolate is produced by further filtration of whey concentrate. The protein 
content of whey protein concentrate is about 35-80% whereas whey protein isolate contains over 
Figure 2.3. Structural model for α-zein proposed by Matsishima et al. (1997) 
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90% protein concentration (McGuffey and Foegeding, 2001). Whey proteins are globular 
proteins that possess high nutritional value and functionality. Whey protein has been utilized to 
fortify milk, milk products and other food products including infant foods, dry soups, sausages, 
beverages, ice cream, bakery products and salad dressings. 
Whey protein is a mixture of proteins including high proportion of β-lactoglobulin and α-
lactalbumin, as well as contains small amount of bovine serum albumin (BSA) lactotransferrin, 
and immunoglobulin (Swaisgood, 1982). Table 2.1 summarizes characteristic information of 
proteins in whey. 
Table 2.1 Characteristics of whey proteins (Aljadeff, 2008) 
 β-lactoglobulin α-lactalbumin BSA Immunoglobulin 
Composition of whey 
proteins (%, w/w) 
56-60 18-24 6-12 6-12 
Molecular weight (kDa) 18.3 14.1 66 > 146 
Total amino acid 
residues/mol 
162 123 582 n/a 
Isoelectric point 5.2 4.2-4.5 4.7-4.9 5.5-8.3 
 
β-Lactoglobulin is the most abundant protein among whey proteins comprising of over 
50% of total whey proteins. β-lactoglobulin is a globular protein consisting of 162 amino acid 
residues with a molecular weight of 18.3 kDa (Croguennec, Molle and Bouhallab, 2004). Figure 
2.4 shows the 3-D structure of β-lactoglobulin. The secondary structure of β-lactoglobulin 
comprises of 50% β-sheet, 10-15% α-helix and 20% turns (Wong, Camirand, & Pavlath, 1996). 
In tertiary structure, β-lactoglobulin has a β-barrel compromising of nine β-strands and an α-
helix lying on the outher surface. A hydrophobic pocket is located in the center of β-barrel 
whereas the other pocket may exist on the surface between α-helix and β-barrel (Chanasattru, 
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2008). This provides β-lactoglobulin varying binding affinity to hydrophobic molecules. Five 
cysteine residues stabilize the tertiary structure of β-lactoglobulin. Four cysteine residues are 
involved in two intramolecular crosslinkage Cys66-Cys160 and Cys106-Cys109 while the other 
cysteine Cys121 is free and internally buried in native protein. Free thiol group of Cys121 is 
involved in intermolecular and intramolecular interactions (Tolkach and Kulozik 2007). In 
quaternary structure, β-lactoglobulin exists in different forms. It is predominantly found as dimer 
at its isoelectric point pH around 5.2 and β-lactoglobulin concentration is greater than 50 µM. At 
lower pH values (3.5-5.2), subunits associated into octamers whereas it is found as monomer at 
pH below 3.0 (Nicolai, Urban and Schurtenberger, 2001). β-lactoglobulin dominates the 
aggregation and gelation properties of whey protein. 
The second most available globular protein is α-lactalbumin which accounts for 18-24% 
of whey protein (Aljadeff, 2008). α–lactalbumin consists of 123 amino acids with a molecular 
weight of 14.1 kDa (Fox, 2003). The secondary structure of α-lactalbumin contains four α-
helices (26%) and an antiparallel β-sheet (14%). α-lactalbumin has four disulphide bonds and 
different than β-lactoglobulin, α-lactalbumin has no free thiol groups. Three dimensional 
structure of α–lactalbumin is globular which constitute of rich β-strands and four α-helices. This 
protein has binding side for metal ions such as Ca+. The binding to Ca+ is important for proper 
protein folding and formation of disulfide bonds which is a significant property of α-lactalbumin 
to generate salt induced gels. It also enhances the stability of protein to heat denaturation which 
allows maintaining its native conformation. 
13 
 
2.3 PROTEIN GELATION 
Gelation is an important functional property of proteins. A gel forms within protein 
solutions when protein-protein interactions develop into a continuous three dimensional protein 
network which immobilizes the liquid phase. A protein network may be established via covalent 
interactions such as disulphide bonds and non-covalent including hydrogen bonds, hydrophobic 
or electrostatic interactions of protein molecules.  
Protein gelation has high commercial interest in development of new food products with 
desired texture as well as formulating new drug delivery systems in pharmaceuticals. In 
processing, proteins may form gels regarding with process conditions or other ingredients in the 
formulation. Controlling the factors that affect protein gelation is important to generate gels with 
desired texture properties. These factors inducing protein gelation includes pH, temperature, 
protein concentration, ionic strength and solvent. Heat treatment is the most common method 
Figure 2.4 Molecular structures of a) β-lactoglobulin and b) α-lactalbumin 
(Hammann and Shmid, 2014) 
a) b) 
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used for gelation. However, high temperature treatments degrade thermally labile bioactive 
compounds. Developing alternative application to thermal process is of interest in industry. 
Recent studies reported that proteins have a good potential to form a gel when alcohol is 
introduced (Dufour et al., 1998; Renard et al., 1999; Dahesh et al., 2016; Uzun et al., 2016). 
Alcohols are good solvents to dissolve hydrophobic bioactive compounds which are important 
for food industry, pharmaceutics and cosmetics due to known health benefits. Such bioactive 
compounds have poor solubility in water; therefore their bioaccessibility is low in 
gastrointestinal tract. Protein gelation in presence of alcohol can be utilized for generating a 
matrix that allows incorporation of both hydrophilic and hydrophobic bioactive compounds.   
2.3.1 Whey protein gelation 
Whey protein is extensively utilized in food products as a functional ingredient due to its 
gelling property. Gelation of whey protein has been subjected to numerous studies to understand 
its gelation mechanism. Morand and others (2012) conducted a study to investigate the 
importance of hydrophobic interactions in acid gelation of milk. The surface hydrophobicity of 
whey protein was changed by acylation of protein with various carbon chain lengths.  They 
concluded that isoelectric point of modified whey protein was lowered as the rate of acylation 
increased, which resulted in araise in pH of gelation.  
The gelling potential of whey protein in ethanol environment opens a new window to 
protein gelation mechanism. The gelation property of β-lactoglobulin in aqueous ethanol solution 
was studied by Renard and coworkers (1999). They concluded that microstructure of gels was 
similar for gels prepared at pH 7, 8 and 9 but aggregation of protein molecules was more rapid at 
pH 7. 
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2.3.2 Zein gelation 
Knowledge about the mechanism of zein gelation is very limited. Only few studies point 
out the gelling property of zein at varying conditions. It is earlier reported that zein gels in 85% 
ethanol when stored at 27 °C temperature for 30 days (Evans and Manley, 1941). Gelation rate of 
zein may change regarding with protein concentration, solvent condition or addition of another 
substance. Zein gelation proceeds slower at protein concentrations less than 10% (w/w) in 
aqueous ethanol (Evans and Manly, 1943). Fu et al., monitored gelation rates for different zein 
concentrations (12% and 14%, w/w) in various ethanol contents in terms of changes in viscosity 
of dispersions. The rate of gelation increased with protein concentration and ethanol content 
whereas the greatest gelation rate was observed in 90% ethanol (Fu, 2000). Zein gels can be 
obtained at low protein concentrations as low as 20%, w/v by increasing the ethanol content of 
solution. Zhong and Ikeda observed gelation of zein in 55-80% ethanol by incubating samples 
for 14 days but no gels were formed in 90% ethanol. The elastic modulus of zein gels increased 
with decreasing ethanol content. Another studies associated with rheological behavior of zein 
was conducted by Nonthanum and coworkers (2012 and 2013). They reported that zein gelled at 
high zein concentration (27%, w/w) in 70% ethanol and this was shortened by increasing pH at 
which S-S interaction was promoted. 
2.4 PROTEIN CHARACTERIZATION TECHNIQUES 
2.4.1 Ultra-small angle x-ray scattering 
Ultra-small angle X-ray scattering is a non-destructive technique for characterization of 
biomacromolecules sizes. USAXS instrument measures intensity of scattered X-ray as a function 
of scattering vector q in a wide range (angstrom to micrometer). The magnitude of q is defined as 
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𝑞 =  
4𝜋𝑠𝑖𝑛𝜃
𝜆
 
where 2θ is scattering angle and λ is wavelength.  
Gunier’s law 
Gunier region yields radius of gyration for randomly oriented non-interacting small-angle 
scattering features. The Gunier law considers low q region (qRg < 1) for monodisperse dilute 
solutions. The scattering intensity I(q) can be described by; 
                                                  I(q) = I(0) exp (
–𝑞2𝑅𝑔
2
3
)  
where Rg is the radius of gyration of scattered particle, I(0) is the forward scattering intensity 
(q=0).  
Porod’s law 
The power law region is related to surface area of scattered particles. The Porod’s law is 
a simple approach to interpret the interfacial behavior of two phase systems from X-ray 
scattering measurements. The Porod’s law describes a q region where qRg > 1.  
I(q) = Bq
-P
 
where P represents power law exponent and B = 2πNρ2S. S is average surface area of particle.  
For hierarchical systems which contain more than one structural level, Gunier regime can 
be seen between two Porod regimes as shown in Figure 2.5. Gunier knee and Porod decay at 
high q regions corresponded to particles where the second Porod regime is related to particle 
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interactions. By using Unified fit approach, systems consisting of many structural levels (i.e. 
hierarchical structures) can be identified. 
Unified Model 
The unified structuring function was developed by Greg Beuacage to analyze structural 
levels of scattering hierarchical systems (Beuacage, 1995; Beuacage, 1996). Hierarchical 
structures consist of structural levels where each structural level is decribed by Guinier’s law and 
Porod’s law. The unified fit equation for one structural level is; 
Figure 2.5. Representative USAXS profile of non-fractal titania nanopowder. 
A unified fit (grey solid line) and component curves of the unified function 
are shown. The dot dash line indicates Porod’s law for a sphere of identical Rg 
and G (Beaucage et al., 2004). 
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𝐼(𝑞) = 𝐺 𝑒𝑥𝑝 (−
𝑞2𝑅𝑔
2
3
) + 𝐵 
{
 
 
 
 [erf (
𝑞𝑅𝑔
√6
)]
3
𝑞
}
 
 
 
 
𝑃
 
where G = NΔρ2V2, B = 2πNΔρ2S and erf is the error function. N is number of particles in 
scattering volume, V is volume of particle, ρ is scattering length density and S is the average 
surface area of particle. Rg can be extracted from the slope of a plot of ln (I (q)) vs q
2
. P value is 
used to predict the shape of scattered aggregates or agglomerates with a fractal arrangement 
(Beaucage and Shaefer, 1994; Beaucage, 1995; Beaucage, 1996; Beaucage, 2012). 
P = 4            →    smooth surface, spheres 
3 ≤ P < 4      →    surface fractal 
3 < P            →    mass fractal 
P = 2            →    disk shape, lamellae  
P = 1            →    rods  
The power law exponent P can be calculated from the slope of log I (q) vs logq plot. 
From P values, mass fractal (Dm) and surface fractal (Ds) dimensions of agglomerates can be 
estimated. 
Dm = P,  1 < P < 3 
The range of the exponent for surface fractals changes depending on roughness of 
aggregates where Ds= 2 represents smooth surface as Porod described smooth spheres by q
-4
. 
Ds = 6 – P,  3 < P < 4 
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Table 2.2 Mass and surface fractal dimensions of different 
structural models (Beaucage, 2012) 
Object Dm Ds P 
Thin rods 1 1 1 
Thin sheets 2 2 2 
Smooth 3D objects  3  2  4 
 
Beaucage extended the unified function for hierarchical structures with ‘n’ structural 
levels using Gunier’s law.  
𝐼(𝑞) =  ∑𝐺𝑖 exp (
−𝑞2𝑅2𝑔,𝑖
3
) + 𝐵𝑖 exp (
−𝑞2𝑅2𝑔,𝑖+1
3
) 𝑞∗
𝑖
𝑃𝑖
𝑛
𝑖=1
 
where,  𝑞∗ = 
𝑞
{𝑒𝑟𝑓(
𝑘𝑞𝑅𝑔,𝑖
√6
)}
3     and k is 1.06 for P=2 and k=1 for the case of P > 3.  
Figure 2.6 Schematic of 1-D collimation geometry of Ultra-small angle X-ray scattering 
instrument with Bonse-Hart double crystal configuration (Ilavsky et al., 2009) 
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This derived formula implies that previous structural level is involved in the prediction of 
current structural level.  For example, primary particles represents the first level (i=1) for fractal 
aggregates where aggregation of primary particles composes the next structural level (i=2). The 
second structural level reflects fractal-scaling regime. Fractal aggregates may cluster into larger 
structures which forms another structural level and may be related to surface fractals. 
USAXS instrument located at Argonne National Laboratory uses synchrotron X-ray 
radiation that only exists in a small number across the world. Relativistic electrons produced by 
radiation source are accelerated passing through magnetic field in a curved path (Winick and 
Bienenstock, 1978). Figure 2.6 illustrates the schematic of a slit-smeared one dimensional 
collimated configuration of USAXS instruments. The instrument is installed Bonse-Hart camera 
(Bonse and Hart, 1965) which operates with collimating crystal pairs displayed in Figure 2.7. 
The Bonse-Hart design allows collecting data in a q range from 0.0001 Å
-1
 to 1 Å
-1
. The USAXS 
uses even number of reflections from collimating crytals to adjust X-ray energy. The ionization 
chamber is responsible to monitor X-ray intensity that reaches to sample. The scattered X-rays 
are colleted for each angle by photodiode detector. 
  
Figure 2.7 Double-crystal configuration of USAXS instrument a) fixed gap USAXS 
collimating crystals and b) variable gap USAXS analyzer crystals (Ilavsky et al., 2009) 
a) b) 
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2.4.2 Rheology 
Rheological measurements have been applied to polymers to study their deformation and 
flow. Rheology is concerned with the properties of matter which was determined with employing 
mechanical forces on it. It has been used to determine the relationship among deformation, stress 
and time, as well as structure of molecule and relationship between viscoelastic properties and 
structure of the materials. Therefore, rheology provides insight for designing or optimizing 
material properties. Rheological properties of biomaterials are important for the design of 
process, quality control of final product, relating microstructure to rheological properties of 
biomaterials. Food materials were classified as liquids, semi-solids, soft-solids and hard-solids 
based on rheological properties (Vliet et al., 2009).  
2.4.2.1 Viscosity 
Viscosity is defined as a measure of internal resistance of a liquid or gas to flow (Singh 
and Heldman, 2001). Viscosity shows the relationship of shear stress as a function of shear rate 
under simple steady shear. Fluids are divided into Newtonian or non-Newtonian fluids (shear 
thinning or shear thickening) based on their behavior of viscosity as a function of shear rate at 
constant temperature. 
The flow behavior of Newtonian fluids is independent on applied shear rate but is 
dependent on temperature and flow conditions (Rao, 1977). In Newtonian fluids, viscosity 
remains constant over increasing shear rate. The viscosity is defined as follows: 
𝜎 = 𝜇𝛾 
where μ is the viscosity, 𝜎 is the rate of strain and γ is the shear rate. 
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The non-Newtonian fluids have a non-linear relationship of shear stress/shear rate at a 
given temperature. This means that shear stress does not change with the same proportion of 
shear rate; therefore, viscosity will not be constant as shear rate is changed. For non-Newtonian 
fluids, the viscosity is expresses as apparent viscosity (η). Shear-thinning is the most common 
non-Newtonian flow behavior. In shear-thinning flow, apparent viscosity decreases as the shear 
rate is increased (Figure 2.8a) but at very low or high shear rate, polymer solutions behave as 
Newtonian fluids. The power law model can express shear thinning fluids with following 
equation: 
η= Kγn-1 
where η is apparent viscosity, K is consistency index and n is flow behavior or power law index. 
Figure 2.8. Typical flow curves of Newtonian and non-Newtonian (shear 
thinning and shear thickening) fluids a) Viscosity as a function of shear rate, 
b) shear stress as a function of shear rate 
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Shear thickening fluids require no yield stress but the apparent viscosity increases non-
linearly with increasing shear rate. Shear thickening flow behavior is mostly observed in 
concentrated suspensions. Concentrated corn starch can be given as a typical example for this 
type of fluids. 
 
2.4.2.2 Rheological characterization of gels 
A gel is defined as a solid-in-liquid colloid in which solid phase forms a network 
structure that immobilizes the liquid and produces solid-like properties. Gels are considered as 
soft-solids. Soft-solids consist of two or more components including large amount of liquid. 
Therefore, gels exhibit viscoelastic behavior which demonstrates both elastic properties of solids 
and viscous properties of liquids. Mainly viscoelastic properties of the polymers are analyzed in 
rheology that establishes a relation between the structural and functional properties of gel 
networks. Therefore, the rheological properties of protein gels have been extensively studied for 
decades. 
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Oscillation tests 
The dynamic rheological technique has been used to probe microstructure of gels without 
disturbing structure under small oscillation amplitudes. To measure the mechanical properties of 
a gel, sample is subjected to sinusoidal small amplitude strain and oscillation stress, which is also 
response, is measured without giving damage to the underlying structure that may occur with 
larger deformation. When small amplitude oscillation strain wave is applied with constant strain 
(γ0), the measured stress will be partially out of phase. The shift is measured as phase angle, δ 
which is corresponded to character of material. For ideal elastics, no shift is observed (δ=0°) 
between deformation and response but resultant stress wave is 90° out of phase with the imposed 
deformation for perfectly viscous systems. The viscoelastic materials have a phase angle 
between 0 < δ < 90° where 45 degrees indicates the transition between sol to gel. The sinusoidal 
response of viscoelastic material has elastic and viscous components. The storage modulus (G’) 
is the measure of energy stored in the sample per oscillation cycle and represents elastic behavior 
of a sample. It can be calculated as follows: 
𝐺′ = (𝜎0 𝛾0)⁄ cos(𝛿) 
The loss modulus (G”) indicates magnitude of energy lost as viscous dissipation per cycle of 
deformation and represents the viscous behavior of a sample. It can be calculated as follows: 
𝐺" = (𝜎0 𝛾0)⁄ sin(𝛿) 
Oscillatory measurements are conducted in region where the viscoelastic properties are 
independent from applied stress or strain. This region is called linear viscoelastic region (LVR). 
LVR is determined by oscillation amplitude sweep test. In oscillation amplitude sweep test, the 
25 
 
storage modulus is plotted against strain at a fixed frequency. Storage modulus remains constant 
as the strain is increased in LVR. LVR ends where the storage modulus begins to decrease 
rapidly which indicates that gel network starts to break apart and gels become weaker with 
increasing strain (Steffe, 1996). This point is called critical strain where the storage modulus 
reduced 5% in magnitude from the initial value.  
Frequency sweep tests gives information about gel strength against applied frequency. 
Frequency sweeps are conducted at constant strain which is within linear viscoelastic region and 
frequency is gradually increased or decreased. A plot of storage modulus or loss modulus as a 
function of frequency is called mechanical spectra. Rheological behavior of polymer solution has 
been classified into four groups based on their mechanical spectra within frequency range of 10
-3
 
to 10
2
 rad/s (Clark and Ross-Murphy, 1987). 
Figure 2.9. Schematic of oscillatory rheology testing. The sinusoidal stress or strain 
wave is recorded and phase angle (δ) is measured. 
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1- A strong gel behavior: G’ and G” are independent of frequency and G’ is remarkably 
higher than G”. 
2- Weak gel behavior: G’ is slightly larger than G” but both moduli has slight dependency 
to frequency. 
3- An entangled polymer solution behavior: the concentration is higher than the critical 
overlap concentration, thus G’ is smaller than G” at lower frequency but both moduli 
increases as frequency increases and G’ crossover G” at higher frequency. 
4- A non-entangled polymer solution behavior: G’ is smaller than G” at all frequency and 
both moduli dependent on frequency (Tokita and Nishinari, 2009) 
Oscillation time sweep tests are used to probe structural changes that occur during 
process and provide information about rearrangement of polymer with time. Under stress, gels 
may break down or bonds may reposition with time. For polymer solutions, new bonds may form 
and gelation occurs over time. Oscillation time sweep tests can be used to determine gelation 
point as well as optimum parameters required to initiate or prevent gelation in the process. 
2.4.3 Raman spectroscopy 
Raman spectroscopy is a vibrational spectroscopy that is based on inelastic scattering of 
light through its interaction with vibrating molecules. Inelastic scattering (Raman) occurs when 
photon collide with a molecule yielding scattered photons with shifted to higher or lower 
frequency. Raman scattering is divided into two forms: Stokes and anti-Stokes scattering. The 
Stoke scattering occurs when the incident photons loss energy to scattered matter, thus energy of 
scattered photon is lower than incident photon. In anti-Stoke scattering, emitted photon has 
higher energy than absorbed incident light. The intensity of Stokes scattering is higher than the 
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intensity of anti-Stokes scattering. Raman shifts corresponds to vibrational modes of molecules 
which are identical for specific molecules. 
Raman spectroscopy is an effective spectroscopic technique to obtain fingerprint 
information from protein conformation or specific amino acid residues. It is very suitable for 
study of proteins in aqueous state or dry state without chemically altering the structure. The 
characteristic bands associated with the secondary and tertiary structures of proteins are amide I, 
amide II and amide III bands. The vibrations in amide I are due to C=O stretching centered at 
1653 cm
-1
 whereas amide II and III involves N-H bending and C-N stretching vibration of 
protein backbone appeared near 1567 and 1275 cm
-1
 respectively. The assignment of vibrational 
modes and their intensity are useful for identifying structural changes of protein molecule during 
particular treatments.  
Raman spectroscopy has not been only used to study the protein conformations; it has 
also been used in the investigation of other biomaterials such as carotenoids. For carotenoids, the 
strong band near 1560 cm-1 is attributed to C=C stretching vibration and the C-C stretching is 
appeared intensely at 1157 cm
-1
. The band near 1000 cm
-1
 arises from in plane rocking vibrations 
of the methyl groups attached to the conjugated chain and coupled to C-C stretching vibrations 
(Robert, 2009; Koyama, 1995). 
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CHAPTER 3 
CHARACTERIZATION OF ZEIN ASSEMBLIES BY ULTRA-SMALL 
ANGLE X-RAY SCATTERING 
3.1 ABSTRACT 
Zein, a protein of corn, has an amphiphilic molecule capable of self-assembly into 
distinctly different structures. In this work, ultra-small-angle X-ray scattering (USAXS) was 
applied to investigate the formation of self-assembled zein structures in binary solvent systems 
of ethanol and water. Three hierarchical structures were observed in zein-solvent systems. At 
high q values, rod shaped (P=1) molecular zein was identified. At intermediate q values, two-
dimensional film-like structures (2 < P < 3) were observed, believed to be formed by zein rods 
assembled first into one-dimensional fibers and then into two-dimensional films. At low q 
values, large three-dimensional spherical aggregates were observed (P=4), assembled from two-
dimensional film structures. The ethanol content of solvent affected self-assembly of zein into 
the different structures, possibly due to solubility effects. Zein mass fraction had no effect on the 
size or shape of the assemblies.  
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3.2 INTRODUCTION 
Controlling the self-assembly of peptides and proteins is a recognized approach to obtain 
well-ordered structures for biomedical applications and other pursuits (Gao et al., 2009; Liang et 
al., 2009). In self-assembly processes, biomolecules rely on noncovalent interactions including 
hydrophobic, electrostatic or van der Waals to form complex hierarchical structures. The 
morphology of self-assembled aggregates may be altered by the solvent employed. Wang et al. 
(2016) reported that diphenylalanine formed microcrystals in low ethanol environments, while 
opaque organogels resulted at higher ethanol content. Similarly, trace amounts of water 
promoted the formation and growth of diphenylalanine fibers, whereas crystal formation was 
predominant in lack of water. Variations in solvent composition play a key role in manipulating 
self-assembly of proteins or peptides. 
Zein, a storage protein of corn, is readily dispersible in water-ethanol mixtures (40-90% 
ethanol). Over 50% of amino acids in its primary structure are hydrophobic
4
. Zein is capable of 
self-assembly into distinctly different structures (Wang et al., 2008; Wang and Padua, 2012). 
Matsushima et al. (1997) studied the molecular structure of zein in 70% ethanol over a 
concentration range of 2-40 mg/ml using small-angle x-ray scattering. In their proposed 
structural model, zein exhibited an elongated structure in which 9-10 helical units, having a 
hydrophobic surface, were arranged in antiparallel and linked through polar glutamine turns 
located at each end of the helical segments. This arrangement lends zein a marked amphiphilic 
character, the main driving force for its self-assembly properties. By self-assembly, zein is able 
to form various microstructures including fibers, films, sponge-like structures and spheres, which 
have potentially broad applications as components of delivery systems for drugs, bioactive 
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compounds, or nutrients (Wang et al., 2008; Wang and Padua, 2012; Qi et al., 2017; Luo et al., 
2013). 
Self-assembly of zein structures is promoted by solvent evaporation. Wang and Padua 
(2012a) reported the formation of microspheres by the evaporation of zein dispersions in 75% 
ethanol, in which preferential evaporation of ethanol altered solvent polarity and eventually 
promoted protein self-assembly. Circular dichroism spectra detected an increase in β-sheet 
structure, while the amount of α-helix decreased throughout solvent evaporation. They observed 
by transmission electron microscopy that β-sheets assembled into stripes, which curled into rings 
and the parallel alignment of rings resulted in the formation of disks (Wang et al., 2008) 
Although self-assembly and morphology of zein structures after solvent evaporation have 
been reported before, the microstructure of zein assemblies in solution remains unclear. Kim and 
Xu (Kim and Xu, 2008) used dynamic light scattering to monitor the aggregation behavior of 
zein in aqueous ethanol. They found that the hydrodynamic radii of zein aggregates decreased 
with an increase in ethanol content from 70% to 90%, whereas a sharp increase in diameter was 
observed above 90% ethanol.  
Small-angle x-ray scattering (SAXS) has been applied to the elucidation of self-assembly 
mechanisms of proteins in solution (Lam et al., 2016; Cinar et al., 2016; Midgaard et al., 2014). 
The technique is used to measure size, shape, and structural features of proteins up to 50 Å 
(Putnam et al., 2007). Ultra-small-angle x-ray scattering (USAXS) has higher resolution than 
conventional SAXS. It can provide quantitative information on structures greater than 100 nm 
(Ilavsky and Jemian, 2009). It has been used in the characterization of biological materials 
including proteins and lipids (Kuo et al., 2016). 
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It was hypothesized that zein self-assembled in aqueous ethanol into structures varied 
with size and morphology. Assemblies were believed to be hierarchically organized in binary 
solvent system. Self-asembly of protein led to spontaneous gelation in time at high protein 
concentrations. In this work, we investigated the formation of zein self-assemblies in ethanol-
water systems by ultra-small-angle x-ray scattering. The effect of ethanol content of the solvent 
and the effect of aging of zein dispersions were investigated. Rheological parameters of zein 
dispersions were measured to investigate the relation between structure formation and 
rheological properties. Raman spectroscopy was used to investigate changes in protein secondary 
structure. 
3.3 MATERIALS AND METHODS 
Zein was obtained from Showa Sanyo Co. Ltd. (Tokyo, Japan). Ethanol (200 proof) was 
from Decon Laboratories Inc. (King of Prussia, PA).  
3.3.1 Sample preparation 
Zein (30%, 40%, and 60% w/v) was dispersed in ethanol-water mixtures (70%, 80%, and 
90% v/v). All samples were allowed to stand overnight at room temperature (22 °C) prior to 
experiments. Another set of samples was prepared for stability tests using the procedure just 
described followed by storage at room temperature in sealed vials for four months.  
3.3.2 Ultra-small-angle x-ray scattering experiments 
USAXS was conducted on beamline 9-ID-C at the Advance Photon Source in Argonne 
National Laboratory (Lemont, IL. USA). The instrument is integrated with a Bonse-Hart camera 
and operates at one-dimensional collimation, which enables the collection of slit-smeared data.  
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The scattering vectors, q, were obtained in a range of 1 × 10
-4
 Å
-1
 to 1.2 Å
-1
 with ~200 data 
points. Samples were placed in silicone isolators, 9 mm in diameter and 1 mm in thickness 
(Grace Bio-Labs, Oregon, USA), and sealed with 200 µm glass coverslips on both sides. The x-
ray scattering experiments were performed with monochromatic x-ray energy of 18 keV. The 
slit-smeared data were analyzed using IGOR PRO 6.36 (Wavemetrics, Lake Oswego, OR, USA). 
All data were corrected for background scattering using ethanol. Data reduction and modelling 
were accomplished using the Irena 2 package that was developed for data evaluation and 
modelling.
16, 21
 The unified fit model was used to predict q, Rg and P. The scattering vector q is 
defined as q = 4π sin(θ)/λ, where 2θ is the scattering angle and λ is the x-ray wavelength. Rg 
describes the radius of gyration of aggregates and P, the power law slope, is related to the shape 
of scattered aggregate. 
3.3.3 Rheology experiments 
The rheological properties of zein samples were characterized with ARES-G2 rheometer 
(TA Instruments, New Castle, DE). Freshly prepared zein dispersions were stored overnight at 
room temperature prior to rheological tests. 
Flow behavior of dispersions was measured using a DIN concentric cylinder with a bob 
diameter of 27.7 mm and cup diameter of 30 mm. 30 ml of sample were loaded into the test cup 
and the inner probe was immersed. The sample surface was covered with mineral oil to prevent 
solvent evaporation during the experiment, thus minimizing solvent concentration changes. Flow 
sweep tests were carried out at shear rates of 0.1-100 s
-1
. Strain sweeps were performed to 
determine the linear viscoelastic region of samples. In the linear viscoelastic region, storage 
modulus (G’) and loss modulus (G’’) were measured as a function of time at a constant strain of 
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0.3% and frequency of 1 Hz. We observed gelation in zein samples throughout storage. A 
serrated parallel plate (25 mm diameter) was used in the analysis of gelled samples. The 
oscillation time sweep tests were applied to gels as a function of time at fixed strain of 0.3% and 
frequency of 1 Hz while the gap was set to 2.0 mm. Frequency sweep tests were performed over 
the range of 1 – 100 rad/s with constant strain of 0.3%. All analyses were performed in 
duplicates. 
3.3.4 Raman spectroscopy 
Raman spectra were recorded on a Raman microscope (RAMAN-11, Nanophoton Corp., 
Osaka, Japan) equipped with a wavelength of 532 nm excitation laser. A drop of zein dispersion 
was placed on the glass slide and covered with a cover slip to prevent the evaporation of solvent 
from the sample. The laser was focused on each sample using a 20× objective lens. The 
excitation power was approximately 5.6 mW at the sample. Spectra were recorded over 700 - 
3100 cm
–1
. Raman scattering signals were collected in x-y scanning mode with 10 s exposure 
time for each scan. Spectra were normalized and baseline corrected using instrument software. 
All analyses were performed in duplicates. 
3.3.5 Statistical analysis 
All measurements were made on at least six samples. Means of obtained parameters were 
reported. Statistical analysis to determine the effect of process variables (zein mass fraction, 
ethanol content, time) were performed using OriginLab software (OriginLab Corp., MA. USA). 
One-way and two-way analyses of variance (ANOVA) were carried out and differences between 
pairs of means were compared with Tukey’s tests at a level of significance p < 0.05. 
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3.4 RESULTS AND DISCUSSION 
3.4.1 Ultra-small-angle x-ray scattering 
USAXS data provided information on the size and shape of structures present in zein 
dispersions. A typical USAXS profile of zein dispersed in 80% ethanol is seen in Figure 3.1 in 
the q range 0.3 - 8 × 10
-3 
Å
-1
. The scattering data consisted of three distinctive regions, each 
corresponding to different structures having a hierarchical organization (Figure 3.1). Table 1 
summarizes the radii of gyration (Rg) of zein structures obtained using the unified fit model. Rg 
of each structure level was evaluated for samples of 30, 40, and 60% w/v zein in 70, 80, and 90% 
v/v ethanol. Rg of structures in Level 1 (q > 10
-2
 Å
-1
) measured 15-25 Å. The effect of ethanol 
content was not significant at this level within each zein concentration group.  Rg was 
significantly larger at 30% zein in comparison to higher protein concentrations. The Porod 
exponent for Level 1 structures was P1=1, indicative of a rod shape morphology (Table 3.2). The 
zein molecule was proposed to have a rod shape in aqueous ethanol (Matsushima et al., 1997; 
Tatham et al., 1993; Li et al., 2012). Matsushima et al. (1997) proposed a structural model for 
zein based on SAXS data on zein solutions from 2 mg/mL to 40 mg/mL in 70% ethanol. In their 
model, α-helices are linked by glutamine turns and aligned perpendicularly with the helical axis, 
resembling a prism of 13 × 1.2 × 3 nm
3
 where Rg was 4 nm. Our results differ from their 
findings, possibly due to the tendency of zein to form dimers at the low concentrations used in 
that study. Li et al. (2012) reported Rg of zein in acetic acid and 80% ethanol measuring 2.3 nm 
and 3.9 nm, respectively, suggesting the existence of zein as a monomer in acetic acid but 
forming dimers in 80% ethanol. The size of zein in acetic acid is closer to our results.  
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The intermediate structures, Level 2 (q range 8 × 10
-3
 - 10
-2
 A
-1
) exhibited two-
dimensional structures formed through molecular self-assembly of zein in 70-90% ethanol. The 
average radius of gyration of Level 2 assemblies was 80 – 200 nm (Table 3.1) in 70%-80% 
ethanol (v/v), while significantly smaller aggregates (Rg 41-46 nm) were observed in 90% 
ethanol. Kim and Xu (2008) observed a similar trend in zein dispersions with varying ethanol 
content. The aggregation level of zein decreased with increasing ethanol content of the solution 
and reached to minimum at 90% ethanol. This could be explained by the high solubility of α-zein 
in high ethanol content solutions (Anderson et al., 2012; Lai et al., 1999).
 
Zein tends to aggregate 
in one dimension and form fiber-like structures at high protein concentrations (Wang and Padua 
2012; Lai et al., 1999). Zein was reported to self-assemble into rod-like structures, 170 nm by 4-
5 nm (Wang et al., 2008). Wang and coworkers (2016) reported that hydrogen bond forming 
solvents promote protein stacking in one dimension. The power low exponent of zein dispersions 
Figure 3.1. Desmeared and smoothened USAXS profiles of 40% zein 
dispersions in 80% ethanol: fresh sample (blue), aged sample (black).  
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was 1.86 < P2 < 2.92 (Table 3.2) when ethanol content was 70-90%, indicating that these 
ensembles had rough two-dimensional surfaces where a value of P=2 represents flat disks or 
lamellar shaped objects. However, no significant differences in shape were observed when 
varying the ethanol content of solutions. Zein concentration had no impact on structure shape at 
this level.  
 
Table 3.2 P values of fresh zein dispersions in aqueous ethanol. 
  P1
*,**
  P2
*,**
  P3
*,**
 
Zein concent. 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90%  70% 80% 90% 
30% zein  1.00
a,a
 1.18
a,a
 1.63
a,a
  2.85
a,a
 2.87
a,a
 1.86
a,a
  3.54
b,a
 3.54
b,a
 2.18
a,a
 
40% zein  1.01
a,a
 1.13
a,a
 1.71
a,a
  2.09
b,a
 2.59
ab,a
 2.77
a,a
  3.78
a,a
 3.78
a,a
 3.70
a,b
 
60% zein  1.26
a,a
 1.00
a,a
 1.48
a,a
  2.68
a,a
 2.91
a,a
 2.92
a,a
  3.99
a,a
 3.94
a,a
 3.47
a,b
 
  *The effect of ethanol content on P was evaluated (p < 0.05) at each zein content level. 
** The effect of zein content on P was evaluated (p < 0.05) at each ethanol level. 
Table 3.1 Rg  values for fresh zein dispersions in aqueous ethanol. 
  Level 1 (Rg1, nm)
*,**
  Level 2 (Rg2, nm)
*,**
 
Zein concentration 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90% 
30% zein  2.5
a,a
 1.8
a,a
 2.5
a,a
     87.1
ab,ab
 193.4
a,a
 41.2
b,a
 
40% zein  1.4
a,b
 1.6
a,a
 2.4
a,a
  100.6
ab,b
 137.2
a,a
 41.2
b,a
 
60% zein  1.6
a,b
 1.6
a,a
 2.1
a,a
  154.5
a,a
 149.8
a,a
 46.3
b,a
 
   *The effect of ethanol content on Rg was evaluated (p < 0.05) at each zein content level  
** The effect of zein content on Rg was evaluated (p < 0.05) at each ethanol level 
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 The low q region (< 8 × 10
-3 
Å
-1
), Level 3, revealed three-dimensional formations of zein 
assemblies formed by aggregated two dimensional structures. The Porod decay obtained for low 
q regime (P3 ≤ 4), indicated that aggregates had rough surfaces, but overall a spherical shape (P 
= 4). The radius of gyration of these aggregates could not be computed from x-ray scattering 
because their size exceeded 1 micron which is the measuring limitation of this technique (Ilavsky 
and Jemian, 2009). 
Zein was dispersed in ethanol-water (70 - 90%, v/v) at various protein content levels, 
30% to 60% (w/v), and stored at room temperature (22 °C) for four months. Figure 3.1 is a 
representative USAXS profile of zein dispersions obtained 1 day after preparation and after 4 
months of storage at room temperature. Table 3 shows Rg of aged zein structures measured by 
USAXS. Zein self-assembled into three hierarchical structures of varying dimensions in ethanol-
water solvents. USAXS results showed that such assemblies underwent structural changes during 
storage time. The size of primary particles detected at Level 1 was 2 nm on average, which was 
Table 3.3 Rg values of aged zein dispersions in ethanol. 
  Level 1 ( Rg1, nm)
*,**
  Level 2 ( Rg2, nm)
*,**
 
Zein concentration 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90% 
30% zein  2.0
a,a
 2.3
a,a
 2.2
a,a
  73.2
ab,a
 63.1
a,a
 52.4
b,ab
 
40% zein  4.1
a,a
 1.8
a,a
 2.4
a,a
  80.3
ab,a
 49.9
a,a
 49.1
b,a
 
60% zein  2.7
a,a
 1.8
a,a
 1.3
a,a
  51.1
a,a
 50.9
a,a
 132.8
a,b
 
*The effect of ethanol content on Rg was statistically evaluated (p < 0.05) at each zein content level  
** The effect of zein content on Rg was statistically evaluated (p < 0.05) at each ethanol level 
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close to those of fresh samples, confirming that primary particles were zein molecules. Ethanol 
content had no significant impact on size of primary particles. However, the interaction between 
ethanol content and storage time affected particle size for 40% and 60% zein samples (p < 0.05). 
Table 4.4 shows P=1 values at q > 10
-2
 Å
-1
 pointing out at the stability of zein rods through 
prolonged storage. Ethanol content and zein concentration had no significant effects on P values. 
 
Rg values of intermediate, Level 2, structures, in the q range of 10
-3
 - 10
-2
 A
-1
 for aged 
zein dispersions are given in Table 3.3. Figure 3.2 illustrates Rg of intermediate structures for 
fresh and aged samples. Fresh zein dispersions had larger intermediate structures with high 
standard deviation compared to aged samples. The smaller variability in aged samples suggested 
that self-assembly and structural rearrangement was carried on during storage time. During this 
period, the competition between protein-solvent and protein-protein interactions was in favor of 
protein-protein interactions, possibly due to changes in zein secondary structure. It was believed 
that an increased aggregation tendency led to the formation of more compact structures and 
Table 3.4 P values of aged zein dispersions in ethanol 
  P1
*,**
  P2
*,**
  P3
*,**
 
Zein concent 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90%  70% 80% 90% 
30% zein  1.0 
a, a
 1.0 
a, a
 1.0 
a, a
  1.8 
a, a
 1.8 
a, a
 2.0 
a, a
  4.0 
a, a
 3.7 
a, a
 3.4 
b, b
 
40% zein  1.0 
a, a
 1.0 
a, a
 1.2 
a, a
  2.3 
a, a
 1.7 
a, a
  2.7 
a, ab
  4.1 
a, a
 3.7 
a, a
 3.9 
a, a
 
60% zein  1.0 
a, a
 1.1 
a, a
 1.0 
a, a
  2.4 
a, a
 2.1 
a, a
 3.4 
b, b
  3.8 
a, a
 3.9 
a, a
 4.1 
a, a
 
  *The effect of ethanol content on P was evaluated (p < 0.05) at each zein content level  
** The effect of zein content on P was evaluated (p < 0.05) at each ethanol level 
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reduced their radius of gyration. Thus, aging made structures more stable and decreased Rg 
variability. 
The power law slopes in the intermediate q regime were P=2 for aged dispersions (Table 
3.4) in contrast with P=3 values for fresh dispersions (see Table 3.2). P values suggested protein 
secondary structure transformations led to protein rearrangements and to the formation of sheets 
with relatively smooth surfaces. The decrease in Rg and power law slope indicated that zein 
assemblies tended to form more organized and denser structures through aging. This is in good 
agreement with earlier reports in which zein sphere formation was explained as layer-by-layer 
deposition of protein stripes to form disks or spheres upon evaporation of solvent.
6
 Power law 
slopes of aged samples suggested that the shape of intermediate zein structures was independent 
from ethanol content and zein mass fraction.  
Figure 3.1 shows that Porod slopes appeared in the region q < 10
-3
 A
-1 
but Guinier knees 
were missing from scattering curve. This could be attributed to the large dimensions of zein 
Figure 3.2. Radius of gyration, Rg, of intermediate (Level 2) of fresh 
and aged zein assemblies in 70-90% (v/v) ethanol.  
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aggregates which might have exceeded the measuring capability of the USAXS instrument. The 
power law slope in this q region was P > 3 suggesting formation of three-dimensional structures 
which may have occurred through aggregation of sheet-like structures detected at the 
intermediate q region. The effect of aging on the shape of aggregated structures was observed for 
dispersions at 30% zein, where two-dimensional structures formed in 90% ethanol (P = 2.18) 
self-assembled during storage into three-dimensional structures (P = 3.4) with rough surfaces 
(Table 4). This suggested that the ethanol content of solvent and time required for completing 
self-assembly were determining factors for structural changes occurred in protein-solvent 
systems. For other protein concentrations or ethanol levels, three dimensional aggregates were 
close to spherical with P values closer to P=4. 
3.4.2 Rheological measurements 
The rheological behavior of zein dispersions (30-60% w/v) in ethanol-water before and 
after aging was studied with an ARES system. Oscillation time sweep tests of zein dispersions 
are presented Figure 3.3 showing storage (G’) and loss modulus (G”). For fresh samples, viscous 
properties were dominant, G” > G’, at all ethanol levels (70-90%, v/v). G’ and G” values were 
higher as zein concentration increased (Figure 3.3a, b, c), suggesting increased protein-protein 
interactions as the solid mass fraction increased. G’’ was always higher in 90% ethanol, possibly 
due to low solubility of β- and γ-zein in 90% ethanol. In high ethanol environments, β- and γ-
zein may have formed clusters showing a lesser effect on solvent properties (Anderson et al., 
2012; Nonthanum et al., 2012). G’ and G” values were constant over the duration of the 
experiment.  
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Graphs in Figure 3.3d, e, f show that G’ and G” values of aged samples were higher than 
those of their fresh counterparts. This indicated an increase in protein-protein interactions, 
suggesting that zein self-assembly kept on going within the aggregates to form denser and more 
rigid structures. In this process, solvent possibly separated from the protein and left the swollen 
aggregates, which would explain an increase in liquid-like behavior. As stiffer aggregates formed 
in solvent, storage modulus also raised in aged samples. Aging of zein dispersions altered their 
rheological behavior depending on ethanol content. G’ and G” values became closer in zein 
dispersions in 70 and 80% ethanol, suggesting samples were close to gelation. Gel formation was 
observed in 90% ethanol as G’ became higher than G” indicating elastic properties were 
dominant.  
a) b) c) 
d) e) f) 
Figure 3.3. Oscillation time sweep tests for zein dispersions. Fresh samples at a) 30%, 
b) 40%, and c) 60% zein in 70% (black), 80% (blue) and 90% ethanol (red). Aged 
samples at d) 30%, e) 40%, and f) 60% zein. Solid symbols correspond to G’ and open 
symbols to G”. 
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Frequency spectra of 40% zein samples in 90% ethanol and 60% zein in 70 and 80%  
ethanol are shown in Figure 3.4. Both storage (G’) and loss (G”) modulus are frequency 
dependent over the range of 1 to 100 rad/s, indicating weak gel properties. In the low frequency 
region (< 12 rad/s), G’ was larger than G” showing elastic properties, but G” exceeded G’ at 
high frequencies, where viscous properties dominate. This suggested that the gel network was 
formed by weak interactions including hydrophobic interactions, electrostatic interactions, 
hydrogen bonds or van der Waals forces, which could be easily broken by external forces. Zein 
nano- and microstructures were proposed to be formed by self-assembly through weak 
interactions (Wang and Padua 2012; Luo and Wang, 2014; Wan et al., 2016). Zein gels formed 
at 60% zein after aging (Figure 3.3f). Gels formed in 70% ethanol were stronger than at 80% 
ethanol. The strongest gel was observed in 90% ethanol; however, G’ could not be measured as 
its value fell beyond experimental limits.  
a) b) 
Figure 3.4. Viscoelastic behavior of zein gels. a) 40% zein in 90% ethanol, b) 60% 
zein in 70% (black) and 80% (blue) ethanol. Solid symbols correspond to G’ and 
open symbols to G”. 
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The flow behavior parameters, consistency (K) and flow behavior index (n), of fresh and 
aged zein dispersions are reported on Table 3.5. For fresh samples in 70 and 80% ethanol, 
consistency was affected by zein weight fraction, K increased slowly from 30 to 40% zein, then 
rapidly from 40 to 60% zein. The flow behavior index at 30 to 40% zein was nearly Newtonian, 
but became definitely pseudoplastic at 60% zein. Both parameters suggested an increased zein 
intermolecular interaction at high concentration levels. For samples at 30 and 40% zein, K 
increased with ethanol content, and n was highest at 30% zein and 70% ethanol, suggesting zein 
was most dispersible at that point. K and n values for samples in 90% ethanol did not align with 
those in 70-80% ethanol, suggesting that results were affected by zein low dispersibility in high 
ethanol solvents. Results were consistent with reports that ethanol content has a strong effect on 
aggregation and thereby in flow behavior of zein dispersions (Li et al., 2012; Fu and Weller, 
1999).
 
For aged samples, K markedly increased with zein weight fraction suggesting zein 
conformational changes and increased polymer-solvent interactions during aging. The flow 
behavior index also changed dramatically with aging, becoming strongly pseudoplastic.  
Table 3.5. Consistency (K) and flow behavior index (n) fresh and 
aged zein dispersions. 
  Fresh zein  Aged zein 
Sample  K (Pa.s
n
) n  K (Pa.s
n
) n 
30z-70E  0.25 0.97  16.81 0.31 
30z-80E  0.34 0.93  10.57 0.36 
30z-90E  2.08 0.64  8.23 0.54 
40z-70E  0.91 0.93  35.91 0.30 
40z-80E  0.97 0.95  24.05 0.45 
40z-90E  1.45 0.97  - - 
60z-70E  14.49 0.72  - - 
60z-80E  8.08 0.88  - - 
60z-90E  11.03 0.94  - - 
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Samples at 40% zein in 90% ethanol and those at 60% zein formed gels (G’ > G’’) upon 
aging (Figure 4). The effect of shear rate on viscosity of fresh and aged samples at 40% zein in 
70-90% ethanol is shown on Figure 5. 
 
3.4.3 Raman spectroscopy 
Raman spectroscopy was applied to investigate protein conformational changes in zein 
dispersions. The Amide III band (1230–1340 cm−1) was used for characterization of α-helix 
(1265−1300 cm–1) and β-sheet (1230-1240 cm–1) structures (Herrero, 2008; Hsu et al., 2005; 
a) 
b) 
Figure 3.5. Effect of shear rate on viscosity of 40% zein 
dispersions in 70-90% ethanol. a) fresh and b) aged samples. 
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Ngarize et al., 2004; Ikeda and Li-Chan, 2004). The peak at 1359 cm
−1 
is
 
assigned to C-H 
bending (Ngarize et al., 2004; Maiti et al., 2004). The band 1450-1500 cm
−1
 corresponds to CH2 
deformation of CH2 and CH3 (Herrero, 2008; Banipal et al., 2016; Panikkanvalappil et al., 2014).  
Raman spectra of fresh zein dispersions in 70, 80, and 90% ethanol are shown in Figure 
3.6a.  Broad peaks in the Amide III region centered at 1234 cm
-1
 and 1293 cm
-1
 showed higher 
intensity for samples in 70% ethanol, suggesting a higher degree of molecular organization for 
A B 
Amide III 
(β-sheet) 
Amide III 
(α-helix) 
C-H 
bending 
CH2 and CH3 
deformation 
Figure 3.6. Raman spectra of 30% zein dispersions in 70% ethanol (purple), 80% 
ethanol (black), and 90% ethanol (green). 
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zein in this solvent, where zein also shows its highest solubility. Peaks at 1359 cm
-1 
and 1470 cm
-
1
, associated with C-H movement, were also highest for 70% ethanol samples. 
Raman spectra of aged dispersions in 70-90% ethanol are shown on Figure 3.6b. The 
peak at 1293 cm
-1 
in the
 
Amide III band decreased with aging especially for samples in 70 and 
80% ethanol, suggesting a decrease in their α-helix content. However, the peak at 1234 cm-1 
corresponding to β-sheet increased with aging only for samples in 90% ethanol.  Strong peak 
intensity at 1470 cm
-1
 for CH2 and CH3 deformation was detected for all samples. The lower 
intensity observed in aged samples was possibly due to zein structural transformation from α-
helix to β-sheets (Wang and Padua, 2012) which easily aggregate thus reducing peak intensity. 
Full spectra of fresh and aged samples are shown in Figure S1. 
3.5 CONCLUSIONS 
Zein structures self-assembled in aqueous ethanol solutions were characterized by 
USAXS. Three hierarchical structures were observed in zein-solvent systems. At high q values, 
rod shaped (Rg = 1.5 – 2.5 nm, P=1) primary structural units were identified, believed to be 
molecular zein. At intermediate q values, two-dimensional film-like structures (Rg = 80 – 200 
nm, 2 < P < 3) were observed, formed by primary units first assembled into one-dimensional 
fibers and then into 2D film structures. At low q values, large three-dimensional spherical 
aggregates were observed (Rg > 1000 nm, P=4), assembled from two-dimensional film 
structures. The ethanol content of solvent affected self-assembly of zein into the different 
structures, possibly due to solubility effects. Zein mass fraction had no effect on the size or shape 
of the assemblies. Aging did not change the size or shape of primary units, rather affected the 
morphology of large aggregates making them larger and more spherical.  
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Zein weight fraction, ethanol content, and aging affected the rheological parameters of 
zein dispersions. The consistency index (K) increased with zein weight fraction and aging. The 
flow behavior index (n) changed markedly with aging, from nearly Newtonian in fresh samples 
to definitely pseudoplastic in aged samples. K values suggested an increased level of 
intermolecular interactions as zein concentration rose. G’ and G” increased with aging for all 
samples reflecting increased protein-protein interactions within zein assemblies.  G’ became 
larger than G” upon aging for samples of high zein content in high ethanol dispersions, that is 
zein dispersions formed gels upon aging.  
Raman spectra of zein dispersions suggested protein conformational changes with aging 
and ethanol content of the solvent. α-Helix to β-sheet transformations were believed to promote 
zein self-assembly, which influenced the size and morphology of assemblies and rheological 
properties of zein dispersions. 
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CHAPTER 4 
CHARACTERIZATION OF OLEIC ACID-ZEIN ASSEMBLIES BY 
ULTRA-SMALL ANGLE X-RAY SCATTERING 
4.1 ABSTRACT 
The time-dependent self-organization of zein with contribution of oleic acid in the 
development of assemblies in ethanol-water mixture throughout storage time have been studied 
by using Ultra-small angle X-ray scattering (USAXS). Zein dispersions with oleic acid (14%, 
w/w) were prepared at high protein concentrations (30-60%, w/v) and varying ethanol contents 
(70-90%, v/v) were employed. The hierarchical structures of zein formed with oleic acid were 
characterized by USAXS and the effect of storage on morphological properties of such structures 
was investigated. In ethanol-water system, zein and oleic acid formed three different structures 
which differed with size and shape. We observed aggregation of one dimensional structure over 
time which could be facilitated by oleic acid. The results suggested that aggregation in one-
dimensional structures led to reduce the size of intermediate aggregates because significant 
contradiction occurred in such aggregates especially when the protein concentration was low. 
The rearrangement within intermediate oleic acid-zein aggregates altered their shape, in 
particularly, at lower protein concentrations. The formation of more stiff structures was 
confirmed with rheological measurements. Zein-oleic acid dispersions turned into gels during 
storage period because of the presence of oleic acid and conformational changes occurred in 
zein. Raman spectroscopy confirmed conformational changes in stored zein dispersions where 
the extent of changes on secondary protein structures was dependent on ethanol concentrations. 
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4.2 INTRODUCTION 
Proteins often self-assemble into supramolecular structures to accomplish their function 
in biological systems. Considerable attention is presently focused on understanding protein 
aggregation. But protein self-assembly may end up in the formation of undesired protein 
aggregates, which may exhibit reduced or no biological activity and other side effects. Protein 
aggregation may be associated to the onset of diseases including Alzheimer’s, Parkinson’s 
disease and Type II diabetes. From an industrial point of view, protein aggregation is a concern 
in a variety of applications that involve proteins in formulations. Protein self-assembly is used in 
developing well-ordered vesicles for drug delivery. However, for other applications, it is 
important to circumvent aggregation to maintain protein stability during storage. 
In recent years, protein self-assembly has inspired the design of novel materials and 
products with improved functionalities. Self-assembly depends on media parameters as 
temperature, pH, solvent, protein concentration, or added components into the system. Solvent 
selection is crucial in protein self-assembly because changes in solvent conditions may trigger 
aggregation or lead to conformational changes. Organic solvents such as alcohols have been 
reported to cause changes on secondary structures and protein self-association (Munishkina et 
al., 2003; Yoshida et al., 2014; Abascal and Lencki, 2004). Alcohols and alcohol-water mixtures 
are often used in the pharmaceutical and food industries for extraction or separation of relevant 
compounds. 
Recent studies have focused on better understanding the effect of alcohols on protein 
behavior. Lysozyme aggregates in benzyl alcohol due to partially unfolding in alcohols (Singh et 
al., 2010), whereas ethanol induces aggregation of insulin (Dzwolak et al., 2005) and chicken 
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egg albumin (Yadav et al., 2010). Food proteins such as whey protein, soy glycinin, kafirin and 
gluten have been reported to form aggregated structures in ethanol-water environments (Uzun et 
al., 2016; Lambrecht et al., 2016; Xiao et al., 2016; Dahesh et al., 2016). Gluten, a water 
insoluble protein, has aggregated in aqueous ethanol solution and formed a soft gel through 
hydrogen bonds over time. Uzun et al. (2016) have used protein aggregation phenomena to 
stabilize lutein carrying oil droplets in whey protein gels formed upon addition of ethanol. 
Zein is a prolamin extracted from corn gluten meal. It is edible, biodegradable, and 
biocompatible. It has been considered for diverse applications including food coating, drug 
delivery, packaging films and biosensor platforms. Zein is an amphiphilic molecule which 
contains both hydrophilic and hydrophobic domains at its surface. This is the main driving force 
for zein self-assembly into different structures such as fibers, spheres, sponge or lamellae. The 
molecular structure of zein was studied by Argos and coworkers (1982). They proposed a 
structural model for α-zein dispersed in 70% methanol based on circular dichroism 
measurements.Their model consisted of a ring of 9-10 helical repeat units oriented in antiparallel 
and connected by glutamine turns. Matsushima et al. (1997) further developed the model using 
small angle X-ray scattering (SAXS). They proposed the antiparallel α-helices were stacked 
linearly in the direction of perpendicular to helical axis forming a ribbon, 13 × 1.2 × 3 nm
3
. 
X-ray scattering data on zein films showed periodic orientation. Zein stacked into 
periodic platelet structures with 135 Å d-spacing (Lai et al., 1999). Wang and Padua (2012) 
observed zein α-helix transformation into β-sheets during evaporation-induced self-assembly 
processes. Zein β-sheets formed strips that curved into rings and eventually formed disks and 
spheres. However, zein self-assembly in solvent medium has not been clearly characterized. Li et 
al. (2012) based on static light scattering, small-angle X-ray scattering and rheology data 
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concluded that zein behaved differently in acetic acid than in aqueous ethanol. In the study, 
rheological measurements indicated that freshly prepared zein suspensions in aqueous ethanol 
showed Newtonian behavior while non-Newtonian shaer thinning behavior was observed for 
incubated zein suspensions.  
Oleic acid has been used as a plasticizer in zein films to reduce film brittleness. Oleic 
acid possibly aligns with and spaces apart protein chains lending flexibility to the films. Earlier 
studies focused on understanding the role of oleic acid in zein films showed that zein films had 
periodic structures resembling to lamellae which consisted of layers of double-stacked zein units 
alternated with bilayers of oleic acid (Lai et al., 1998). Wang and Padua (2005) took wide angle 
(WAXS) and small-angle X-ray scattering (SAXS) measurements on zein films and observed 
that periodic structures were developed through processing, possibly facilitated by oleic acid. 
However, contribution of oleic acid to structural development of zein in solvent system is still 
unknown. 
In the present study, it was hypothesized that zein interacted with oleic acid in ethanol-
water mixture and formed ordered structures varied in size and morphology. The self-assembly 
mechanism of zein in ethanol-water dispersions was investigated by ultra-small angle x-ray 
scattering (USAXS). The role of oleic acid in structure formation was also investigated by 
USAXS. The viscoelastic properties of oleic acid incorporated zein dispersions were investigated 
and time dependency of oleic acid-zein interactions were studied by Raman spectroscopy. 
4.3 MATERIALS AND METHODS 
Zein was purchased from Showa Sanyo Co. Ltd. (Tokyo, Japan). Oleic acid was from 
Fisher Scientific (Hanover Park, IL). Absolute ethanol was supplied by Decon Laboratories Inc. 
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(King of Prussia, PA). Silicone isolators of 9 mm diameter and 1 mm thickness were obtained 
from Grace Bio-Labs (Bend, OR). 
4.3.1 Preparation of zein dispersions 
Zein was stirred in ethanol–water (70%, 80%, and 90% v/v) to obtain uniform 
dispersions at 30%, 40%, and 60% zein (w/v). Oleic acid was mixed with zein dispersions at a 
ratio of 14% (w/w). All samples were stored at room temperature (22 °C) overnight before lab 
measurements. For aging experiments, zein samples were incubated at 22 °C for four months. 
 4.3.2 Ultra-small angle x-ray scattering (USAXS) 
X-ray scattering experiments were performed at the beamline 9 ID, station C of the 
Advanced Photon Source at Argonne National Laboratory (Lemont, IL). The USAXS 
measurements integrated a Bonse-Hart camera capable of recording USAXS scattering curves 
with a resolution of 0.00008 A
-1
. Intensity values were obtained for a scattering vector, q, 
ranging from 0.0001 to 1.2 A
-1
. The scattering vector is: 
𝑞 = 4𝜋
𝑠𝑖𝑛𝜃
𝜆
 
where 2θ is the scattering angle and λ is the beam wavelength). Samples were sealed in silicone 
isolators 9 mm in diameter and 1 mm thickness (Grace Bio-Labs, Bend, OR) using 200 µm 
coverslips on both sides. Data reduction and desemearing corrections were made with the Irena 
package (Ilavsky et al. 2009) using IGOR PRO 6.36 (Wavemetrics, Lake Oswego, OR). A 
typical scattering curve consisted of 200 data points. Modelling of scattering curve was made 
using the Unified fit model in the Irena package to aquire q, Rg and P. 
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4.3.3 Rheology 
Rheological measurements were performed with an ARES-G2 rheometer (TA 
Instruments, New Castle, DE) using a DIN concentric cylinder geometry (bob diameter of 27.7 
mm and a cup diameter of 30 mm) and serrated parallel plate geometry (diameter of 25 mm). 
Small amplitude oscillatory measurements were carried out to determine viscoelastic properties 
of zein dispersions. All oscillation tests were performed at linear viscoelastic region. Oscillation 
time sweep tests were made at constant strain of 1% which was earlier determined with 
oscillation amplitude tests. Flow behavior of dispersions was characterized using a DIN 
concentric cylinder geometry. The sample (30 ml) was transferred into a cup and covered with 
mineral oil. Flow sweep tests were conducted varying shear rate, 0.1 to 100 s
-1
.  The parallel 
plate geometry was used for gel samples with a 2 mm gap. A thin layer of mineral oil was 
applied to gel surfaces to prevent solvent evaporation from the gel sample. Viscoelastic 
properties of gels were studied with frequency sweep tests, where frequency scans were 100 to 
1rad/s at a constant strain of 1%. 
4.3.4 Raman spectroscopy 
Raman spectra were collected using Raman microscope (RAMAN-11, Nanophoton 
Corp., Osaka, Japan) with excitation from 532 nm line of laser. A drop of or a small piece of 
stored zein samples was placed on a glass slide and covered with glass cover slip to prevent 
evaporation during analysis. The laser focused through a 50× objective lens at power level of 5 
mW on the sample surface. The Raman spectra was recorded in the wavenumber range of 700-
3100 cm
-1
 with x-y scanning mode with 2 s exposure time for each scan. To obtain clear peaks 
on a linear line, the spectra were then baseline corrected with instrument software. 
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4.3.5 Statistical analysis 
USAXS measurements were taken in triplicates. One-way and two-way analyses of 
variance (ANOVA) were performed usingOriginLab software (OriginLab Corp., MA) to 
determine the effect of zein concentration, ethanol content, and aging on the size and shape of 
zein-oleic acid assemblies. Tukey tests were used to compare multiple means at a probability 
level of 95%. 
4.4 RESULTS AND DISCUSSION 
4.4.1 Ultra-small angle x-ray scattering 
Oleic acid is a good plasticizer of zein films. It was reported that oleic acid has a crucial 
role in the formation of periodic structures when incorporated into zein films (Lai et al., 1998). 
Herein, the interaction of oleic acid with zein was studied in ethanolic solvent systems using 
USAXS. Figure 4.1 displays a desemeared and smoothened X-ray scattering intensity profile of a 
zein dispersion containing oleic acid, as a function of q in the range 0.002 - 0.216 Å
-1
. The 
USAXS curve consists of three main regions where the Guinier knees are seen at 0.005 and 
0.0005 Å 
-1
 followed by subsequent power slopes. For the third region only power slope was 
observed.  
Table 4.1 summarizes the radius of gyration of structures (Rg) in high and intermediate q 
regions. It shows the effect of ethanol content and zein mass fraction on the size of zein-oleic 
acid assemblies. Rg of zein-oleic acid structures in Level 1 was estimated in a range of 1.3 – 2.8 
nm. For Level 1 structures at 30% zein, Rg of structures in 90% ethanol was significantly larger 
than those in other ethanol contents.  The ethanol content has no effect on the size of Level 1 
structures at 60% zein concentration. Rg differences could be attributed to a possible effect of 
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oleic acid on solubility of zein in ethanol.  Zein peptides show different solubility depending on 
ethanol content, which may affect their tendency to develop protein-protein, protein-oleic acid, 
protein-solvent or oleic acid-solvent interactions and eventually affect the size of hierarchical 
structures formed in dispersion. α-Zein has highest solubility in 90% ethanol (Zhong et al., 
2012), whereas γ- and β-zein is highly soluble in lower ethanol contents than in 90% ethanol due 
to their higher proportion of hydrophilic residues with respect to α-zein (Marks et al., 1985, Prat 
et al., 1987, Woo et al., 2001, Nonthanum et al., 2012). According to previous studies, oleic acid 
interacts with the zein surface forming zein-oleic acid structures (Wang et al., 2003), which may 
make zein molecules more dispersible at low ethanol content. Two-way ANOVA tests indicated 
that ethanol content was a significant (p < 0.05) variable in controlling the size of structures in 
Level 1 while zein concentration had no impact on size of Level 1 structures.  
 
Figure 4.1. Typical desmeared and smoothened USAXS profile of (a) zein 
dispersions, 30% zein containing oleic acid (14%, w/v) in 80% ethanol. 
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The power law exponents (P values) are shown for each structural level in Table 4.2. P 
values were estimated in a range of 1.00 – 1.68. P=1 is indicative for rod shape morphology but 
in most cases, P value was away from this value for the zein-oleic acid structures in Level 1 
indicating a different shape than rod-like morphology. Earlier X-ray diffraction studies 
demonstrated that zein molecule has a rod shape in ethanol (Argos et al., 1982; Matsushima et 
al., 1997; Momany et al., 2006; Li et al., 2011; Li et al., 2012).  It is believed that the association 
of oleic acid with zein molecules altered the shape of one-dimensional structures predicted on 
structural Level 1 and resulted in unique morphology. The shape of such one-dimensional 
structures could be attributed to the bend in hydrocarbon chain due to one cis-double bond on 
molecular structure of oleic acid. For Level 1 structures, ethanol content and zein concentration 
statistically had no influence on morphology. 
   
The intermediate structures (Level 2) in a q range of 10
-2
 – 6×10-3 Å-1 are assemblies of 
zein and oleic acid spontaneously formed in 70-90% ethanol. At 30-60% zein concentrations, Rg 
of assemblies varied from 48 nm to 250 nm (Table 4.1). Oleic acid and zein formed significantly 
smaller self-assembled structures in 90% ethanol in comparison to assemblies in 70-80% ethanol 
Table 4.1   Rg values for fresh oleic acid-zein dispersions in aqueous ethanol. 
  Level 1 (Rg1, nm)
*,**
  Level 2 (Rg2, nm)
*,**
 
Zein concentration 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90% 
30% zein  2.3
ab,a
 1.5
a,a
 2.8
b,a
  258.6
a,a
 205.5
ab,a
 48.4
b,a
 
40% zein  2.4
a,a
 1.9
ab,a
 1.3
b,a
  164.3
b,a
 170.8
b,ab
 51.1
a,a
 
60% zein  2.5
a,a
 1.8
a,a
 2.2
a,a
  66.5
ab,a
 83.6
b,b
 57.4
a,a
 
   *The effect of ethanol content on Rg was evaluated (p < 0.05) at each zein content level  
** The effect of zein content on Rg was evaluated (p < 0.05) at each ethanol level 
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for all zein concentrations. A significant difference (p < 0.05) in Rg for Level 2 assemblies was 
observed between 30% zein and 60% zein concentrations in 70-80% ethanol. Larger structure 
formation took place at 30% zein compared to counterparts at 60% zein. This indicates that 
lower mass fraction allowed the growth of zein-oleic acid assemblies in 70% and 80% ethanol. P 
values of Level 2 assemblies were predicted as between 2.5 < P < 3.7 for zein concentrations and 
ethanol levels. This ranges suggested that zein formed assemblies with oleic acid which had two 
or three dimensional structures as the range of 2 ≤ P < 3 indicates two-dimensional structures 
whereas three-dimensional structures have Porod exponent between 3 ≤ P ≤ 4. According to 
statistical analysis, there is no relation between morphology of Level 2 assemblies with ethanol 
content or zein concentration. 
Table 4.2  P values for fresh oleic acid-zein dispersions in aqueous ethanol. 
  P1
*,**
  P2
*,**
  P3
*,**
 
Zein concent. 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90%  70% 80% 90% 
30% zein  1.47
a,a 1.68a,a 1.24a,a  3.62a,a 2.93a,a 3.60a,a  3.63a,a 4.07a,a 4.01a,a 
40% zein  1.28
a,a 1.00a,b 1.39a,a  3.35a,a 3.16a,a 2.68a,a  4.00a,a 3.45a,a 3.69a,a 
60% zein  1.19
a,a 1.08a,ab 1.36a,a  2.57a,a 2.65a,a 3.20a,a  3.71a,a 3.99a,a 4.16a,a 
  *The effect of ethanol content on P was evaluated (p < 0.05) at each zein content level. 
** The effect of zein content on P was evaluated (p < 0.05) at each ethanol level. 
 
The assemblies at low q region (< 6×10
-3
 Å
-1
) were estimated to have three-dimensional 
structure (3 ≤ P ≤ 4) for all conditions. In some conditions, the self-assembly of zein with oleic 
acid led the formation of spherical morphologies with smooth surfaces which was described by 
P= 4. In many conditions, assemblies had rough surfaces but their shape was close to spherical (P 
~ 4). However, X-ray scattering indicated the existence of diffused interfaces where P value was 
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above 4 (Beaucage, 1996; Peyronel et al., 2014). This could be related to the fact that oleic acid 
could act as surfactant in ethanol-water binary solvent system and led to diffuse interfaces. The 
diffused interfaces might also be formed by aggregation of spherical structures in aqueous 
ethanol. However, the radius of gyration of these aggregates could not be computed from X-ray 
scattering because their size exceeded the measuring capabilities of this technique.  
Table 4.3  Rg values for aged oleic acid-zein dispersions in aqueous ethanol. 
  Level 1 (Rg1, nm)
*,**
  Level 2 (Rg2, nm)
*,**
 
Zein concentration 
(w/v) 
 Ethanol content (%, v/v)  Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90% 
30% zein  6.3
a,a
 7.7
b,a
 2.3
c,a
  85.5
a,a
 74.6
a,a
 92.4
a,a
 
40% zein  5.7
a,a
 6.3
a,a
 6.3
a,b
  110.1
a,a
 157.3
a,a
 127.0
a,b
 
60% zein  5.7
ab,a
 5.8
b,a
 4.3
a,ab
  87.4
a,a
 131.0
a,a
 70.1
a,c
 
   *The effect of ethanol content on Rg was evaluated (p < 0.05) at each zein content level  
** The effect of zein content on Rg was evaluated (p < 0.05) at each ethanol level 
 
Oleic acid incorporated zein dispersions were kept at room conditions (22 °C) for four 
months. Rg of zein-oleic acid assemblies was measured with USAXS after aging and given in 
Table 3. In structural Level 1, the structures aggregated and became two to five-fold larger 
compared to their initial sizes over time. Rg of Level 1 structures was dependent on ethanol 
content. The statistical analysis suggested that the ethanol content of solvent, time and the 
interaction between ethanol content and time were crucial factors promoting aggregation in zein-
oleic acid dispersions at 30% zein concentrations. It was found that storage time and interaction 
of storage time with ethanol content had influence on formation of aggregated zein-oleic acid 
structures in dispersions of 40% zein whereas only time was a key parameter to induce 
aggregation in 60% zein concentration. This implies that with decrease in protein concentration 
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both ethanol concentration and storage time became more pronounced in aggregation. The 
aggregation of one-dimensional structures in time was only seen when oleic acid existed in the 
system (see Chapter 3). As discussed in Chapter 3, no aggregation was observed in one-
dimensional zein structures during aging time however, only transformation of α-helix to other 
secondary structures occurred. It is strong evidence of the fact that oleic acid promotes the 
aggregation of zein molecules. 
The power law exponents of Level 1 assemblies are listed in Table 4.4. In self-assembly, 
oleic acid attached to glutamine turn on zein molecule surface which can be called zein-oleic 
acid ensembles. USAXS measurements suggested that spontaneous aggregation occurred among 
zein and oleic acid but it did not significantly change the shape of zein-oleic acid clusters (1 < P 
< 2) that their initial P values was reported in the same range in Table 4.2. This explains that the 
aggregation took place between tail groups of oleic acid which were aligned on top and surfaces 
of zein molecules by preventing clustering of zein molecules from hydrophobic side. Again, zein 
concentration and ethanol content of solvent had no impact on shape of aggregates. 
The Rg of zein-oleic acid structures in Level 2 was measured on the first day of sample 
preparation and at the end of aging time. The comparison of Rg was shown in Figure 4.4. At 
lower protein concentration (30% zein, w/v), the change on average size of zein-oleic acid 
assemblies over time was remarkable. Rg of Level 2 structures in 70-90% ethanol considerably 
reduced over time at all zein concentrations. It is probably due to the fact that protein-solvent 
interaction was initially dominant within intermediate assemblies but it was turning in to in favor 
of protein-protein interactions which caused aggregation of zein and oleic acid to form clusters 
detected at first level. The interaction of these primary aggregates, herein zein and oleic acid 
clusters, led the formation of much compact structures by reducing the initial size of intermediate 
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size of assemblies. The USAXS measurements exhibited that size of intermediate aggregates in 
30% zein dispersions notably reduced regardless of ethanol content. In 40% zein dispersion, 
shrinkage within intermediate size aggregates carried on over time for dispersions of 70% and 
80% contents whereas the size of intermediate aggregates was closed to its initial state in 90% 
ethanol solution. On the other hand, aggregation was occurred for intermediate aggregates in 
60% zein concentration. We were expecting a minimal change in size of intermediate aggregates 
in 60% zein concentration as the interaction of primary zein-oleic acid aggregates was already 
very intense at this protein concentration due to high solid mass fraction. The only significant 
increase in size of aggregates was observed for zein dispersions in 80% ethanol content while Rg 
remained unchanged for other ethanol contents. The size of intermediate aggregates in 70% and 
90% ethanol did not change remarkably over time. Overall analysis of USAXS data suggested 
that oleic acid may promote aggregation of primary particles of (cluster of zein and oleic acid) in 
low protein concentrations and lead the formation of more compact aggregates. 
Table 4.4  P values for aged oleic acid-zein dispersions in aqueous ethanol. 
  P1
*,**
  P2
*,**
  P3
*,**
 
Zein concent. 
(w/v) 
 
Ethanol content (%, v/v) 
 
Ethanol content (%, v/v) 
 Ethanol content (%, v/v) 
 70% 80% 90%  70% 80% 90%  70% 80% 90% 
30% zein  
1.33
a,a
 1.01
a,a
 1.22
a,a
 
 
3.00
a,a
 1.75
b,a
 
2.48
ab,a
b
 
 
4.00
a,a
 3.90
a,a
 3.92
a,a
 
40% zein  1.45
a,a
 1.31
a,a
 1.32
a,a
  4.02
a,a
 2.26
b,a
 2.34
b,a
  3.96
a,a
 3.76
a,a
 4.00
a,a
 
60% zein  1.29
a,a
 1.46
a,a
 1.67
a,a
  2.70
a,a
 2.88
a,b
 3.02
a,b
  4.19
a,a
 4.07
a,a
 3.95
a,a
 
  *The effect of ethanol content on P was evaluated (p < 0.05) at each zein content level. 
** The effect of zein content on P was evaluated (p < 0.05) at each ethanol level. 
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The zein-oleic acid aggregates identified in intermediate q region formed both two and 
three-dimensional structure. Table 4.4 summarizes the power law slope (P values) of such 
aggregates obtained after storage period. Similarly, depending on the circumstances, both two 
and three dimensional aggregates exist in zein-oleic acid samples. The statistical analysis 
indicates that the developed shape of aggregates was obviously correlated to ethanol content of 
solvent.  We observed development of three dimensional aggregates in 70% ethanol solutions for 
30% and 40% zein concentrations whereas it was formed in 90% ethanol solution at 60% zein 
concentration. Moreover, two-way ANOVA analysis of data revealed that in 30% zein 
concentration, ethanol content, time and their interactions significantly alters the shape of 
aggregates. Time had obviously influence on shape for 30% zein concentration than 60% zein 
concentration. 
P values in Table 4.4 shows that larger aggregates at low q region (Level 3) spherical in 
shape and have relatively smooth surfaces (P=4) but their size couldn’t be measured with this 
technique. We could not observe any statistical differences from their initial shape. Moreover, 
ethanol content and zein concentration had no impact on changes in shape of large aggregates. 
4.4.2 Rheology 
The influence of oleic acid addition on rheological properties of zein dispersions was 
investigated. Figure 4.2a shows storage and loss moduli of oleic acid incorporated concentrated 
zein dispersions in various ethanol content (70-90%, v/v). In all samples, loss modulus was 
greater than storage modulus (G” > G’) suggesting that the viscous properties of samples were 
dominated and no change was observed with increasing protein concentration or ethanol content 
of solution. The magnitude of loss modulus G” for oleic acid containing samples in 90% ethanol 
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was again higher at all protein concentrations. It was explained with low solubility of zein 
fractions (β-zein and γ-zein) in 90% ethanol when zein was alone in solution (Nonthanum et al., 
2013). Herein, protein-solvent interactions are still low for 90% ethanol compared to 70% and 
80% ethanol but addition of oleic acid significantly reduced the magnitude of G” for all ethanol 
samples. The results indicates that oleic acid facilitates protein-solvent interactions. The addition 
of oleic acid significantly (p < 0.05) lower the G’ for all protein concentrations and ethanol 
contents suggesting that oleic acid interacts with protein and decrease the extent of aggregation 
in ethanol-water mixture. Therefore, solid material interact more with solvent which results in 
decrease in G’ and G” of samples. 
Oscillation time sweep tests were run for stored samples of oleic acid added zein. In all 
protein concentrations, gel formation was observed when 70% and 80% ethanol was used as 
solvent (Figure 4.2b). On the other hand, gelation behavior of zein in 90% ethanol was 
completely dependent on protein concentration. The sponteneous aggregation of zein in presence 
of oleic acid improved elastic properties (G’) of sample in 90% ethanol over time but it was 
insufficient to form a gel at 30% protein concentration where the storage modulus of G’ was 
smaller than loss modulus of G”. The gel network was established in 90% ethanol over time 
when the protein concentration was 40% (w/v) or higher. Oleic acid promoted gelation in 70% 
and 80% ethanol solutions at 30-40% protein concentrations (Figure 4.2b). The elastic properties 
of gels were considerably enhanced in the presence of oleic acid compared to formed gels with 
use of zein alone at 60% protein concentration and in 70-80% ethanol. Overall oleic acid 
contributed to significant increase in viscoelastic properties of samples over time. The gel 
strength of oleic acid added samples in 70% ethanol was greater than that of 80% ethanol at 
varying protein concentration from 30% to 60%. This shows that interactions between protein-
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protein, protein-oleic acid, protein-solvent and oleic acid-solvent were reached to the highest 
level in 70% ethanol which led to formation of firm gels. The stored samples of 60% zein with 
oleic acid in 90% ethanol could not be characterized by oscillation time sweep tests since it was 
very concentrated and hard for running a test. 
Figure 4.3 displays frequency dependency of oleic acid incorporated zein gels formed 
upon storage of zein dispersions. Gels obtained at 30% zein concentration was dependent on 
changes in frequency. The results suggest that G’ of gel with 70% ethanol was stable over the 
range of applied frequency. At 40% and 60% zein concentrations, stable gels were formed.  For 
Figure 4.2. The storage (G’) and loss moduli (G’’) as a function of time for oleic acid 
incorporated a) freshly prepared zein dispersions and b) zein gels (stored samples) in 
70% (black), 80% (blue) and 90% (red) ethanol at varying protein concentrations from 
30% to 60% (left to right). Empty and closed symbols are loss modulus (G’’) and storage 
modulus (G’), respectively. 
A
B
71 
 
60% zein concentrations, zein gels formed in 80% ethanol was slightly stronger than gels in 70% 
ethanol. They were all strong gels at this concentration and stable to high frequencies.  
Figure 4.3. Viscoelastic behavior of oleic acid added zein gels a) 30% zein b) 40% 
zein and c) 60% zein in 70% (black), 80% (blue) and 90% ethanol (red). Solid symbols 
correspond to storage modulus and open symbols represent loss modulus 
A) 
B) 
C) 
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Figure 4.4 shows the relationship between viscosity and shear rate for oleic acid added 
zein dispersions in ethanol-water mixture at different protein concentrations. As expected, 
viscosity increased in magnitude with increasing protein concentration (Figure 4.4a-c). The 
dispersions at 30% zein concentrations showed shear thinning behavior in presence of oleic acid. 
A) 
B) 
Figure 4.4. Flow behavior of oleic acid incorporated zein dispersions in ethanol-
water mixture with varying protein concentration a) 30% zein, b) 40% zein and 
c) 60% zein. 
C) 
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The viscosity of dispersions in 80% and 90% ethanol slighly decreased over increasing shear rate 
whereas viscosity of dispersions in 70% ethanol dropped dramatically at lower shear rates. In 
general, the viscosity of dispersions with 90% ethanol was remarkably greater than that of 
dispersions with 80% ethanol while zein dispersions with oleic acid showed higher viscosity in 
80% ethanol than 70% ethanol (Figure 4.4a). We observed that the change in viscosity as a 
function of shear rate increased with increasing protein concentration. It is apparent that the 
interaction of zein-oleic acid and/or solvent-oleic acid had considerable influence on viscosity of 
dispersions with 70% ethanol.  
4.4.3 Raman spectroscopy 
Raman spectra of oleic acid added zein dispersions in ethanol-water mixture were 
obtained prior to aging period and after storing samples at room temperature for four months. 
Oleic acid has characteristic bands of 1099, 1283, 1318, 1457, 1671 cm
–1
 as seen in Figure 4.5.  
Changes on secondary structures of zein with respect to time and ethanol content of 
solution were from amide bands identified on Raman spectra displayed in Figure 4.5. The band 
assigned to α-helix structure appeared at 896 cm-1 for zein-oleic acid dispersions in 70% ethanol 
while it was found slightly shifted to 898 cm
-1
 for dispersions of 80% and 90% ethanol. The 
intensity of zein dispersions with oleic acid in 90% ethanol was apparently greater at 898 cm
-1
 
compared to other ethanol contents and increase in intensity of this band was observed for 
corresponding aged dispersions. The characteristic band for oleic acid appeared near 1101 cm
-1
 
in protein dispersions. A remarkable high intensity value of this peak for dispersions in 90% 
ethanol is associated with less association of oleic acid with proteins or solvent in high ethanol 
content environment while the same peak had smaller intensity in the case of samples with 70-
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80% ethanol. However, aging of oleic acid containing dispersions provided sufficient time for 
association of oleic acid with zein and solvent. As seen in Figure 4.5, no significant differences 
between ethanol contents was observed but overall intensity of this band was increased in aged 
samples. In 80% ethanol, change in intensity of this identical peak was a minimum suggesting 
that 80% ethanol is good solvent condition for dispersing oleic acid. In Amide III region at 1200-
1300 cm
-1
, β-sheet content of oleic acid added protein dispersions (centered at 1234 cm-1) 
increased in time. Initially, zein seems similar amount of β-sheets in 70% and 80% ethanol but it 
seems it underwent conformational changes which could explain the increase in β-sheet content 
in aged samples. However, α-helix content detected in Amide III region remained same. The 
band located at 1362 cm
-1
 is a marker for C-H bending or CH3 symmetric vibrations. We 
observed that the intensity of 90% ethanol containing aged dispersion has been found relatively 
different from other ethanol contents. In amide I region (1650-1680 cm
-1
), α-helices and β-sheets 
were detected at peak 1657 cm
-1
 and 1671 cm
-1
, respectively. The β-sheets are pronounced at 
higher ethanol contents whereas the proportion of α-helix is found lower from β-sheets in aged 
protein dispersions. The transition to β-sheets occurred, especially, in 70% and 90% ethanol 
solutions. As explained in the discussion of USAXS results, oleic acid facilitated aggregation of 
zein, but it is not the only factor driving aggregation. Transitions in secondary structures of zein 
play an important role for promoting aggregation in dispersions.  We confirmed the 
conformational changes took place in zein over time. 
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b) 
a) 
Figure 4.5. Raman spectra of a) freshly prepared zein dispersions with oleic acid in 
70% ethanol (blue line), 80% ethanol (red line) and 90% ethanol (black line), b) aged 
zein dispersions with oleic acid in 70% ethanol (blue line), 80% ethanol (red line) and 
90% ethanol ( black line) 
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4.5 CONCLUSIONS 
In this study, oleic acid incorporated zein-solvent system was monitored for high protein 
concentration condition and changes in morphology of zein assemblies and rheological 
properties of the system were characterized by using USAXS, rheological measurements and 
Raman spectroscopy. Zein formed three distinctly different structures with addition of oleic acid. 
The ethanol content of solution promoted the aggregation in one-dimensional structures and led 
to changes in size of such structures which could be related to conformational changes occurred 
in protein structures over time. Raman spectroscopy confirmed that zein underwent transition 
from α-helix to β-sheets which made zein less stable to aggregation. The results showed that 
intermediate assemblies reduced in size because changes in secondary structures induced 
interactions in favor to protein-protein associations which enabled to form intense and rigid 
assemblies. Not only protein-protein interactions affect changes on morphology but also oleic 
acid had significant impact on those changes. We observed gel formation after four month 
storage time. The gel strength varied depending on ethanol content and protein concentration. 
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CHAPTER 5 
GELATION OF WHEY PROTEIN IN ETHANOL-WATER MIXTURES 
5.1 ABSTRACT 
The effect of addition of ethanol on gelation properties of whey proteins isolate (WPI) 
and whey protein concentrate (WPC) was investigated with rheological measurements. Dynamic 
rheological properties of WPI and WPC at 5-20% protein concentration were studied in 40-60% 
ethanol solutions. The rheological behavior of WPI in ethanol-water mixture was dependent on 
protein concentration and ethanol content. WPI immediately gelled at 10% protein concentration 
in 60% ethanol. Below those ethanol and protein concentrations, it exhibited liquid-like behavior 
in aqueous ethanol. Viscosity of WPI dispersions (5-10%, w/v) rose with increasing ethanol 
content of solution. At 15-20% protein concentration, WPI formed gels in 40-60% ethanol. The 
storage modulus (G’) related to gel stiffness was higher for 20% WPI concentration than gels 
15% concentration and increased as the ethanol content was increased. WPC had different 
gelation properties in 40-60% aqueous ethanol than WPI. At 15-20% protein concertation, WPC 
gelled in 40-60% ethanol but the G’ value reduced as the ethanol content was increased. The 
elasticity of WPC gels were relatively lower compared to WPI gels prepared at the same 
conditions indicating the importance of protein concentration as well as presence of other 
components. The gel network at 20% WPC established at the beginning of ethanol addition but it 
collapsed by further addition of ethanol to adjust 60% ethanol content. The findings suggest that 
different protein compositions influenced gelation of protein and final gel properties of WPI and 
WPC in ethanol-water mixture.  
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5.2 INTRODUCTION 
Whey proteins are used as an ingredient in food products to improve its sensory 
characteristics, texture and nutritional qualities (Diaz-Ramirez et al., 2016; Gursel et al., 2016; 
Roberts et al., 2014). Whey proteins have many functional properties such as foaming, 
emulsifying or gelling. The gelling ability of whey proteins is very important feature because it 
can be used for thickening foods or production of new food products (Clare et al., 2007). In 
gelation, whey proteins undergo physical and chemical transformations due to intrinsic and 
extrinsic factors. Gelation can be induced by heating, pH, high pressure application, enzymatic 
activity and addition of non-solvents which partially or completely denatures proteins and cause 
aggregation.  
The gelling ability of whey protein can be used to develop functional foods by 
incorporating nutraceuticals into gels. Whey proteins may be used as hydrogels for controlled 
delivery of bioactive substances (Gunasekaran et al., 2006). A typical method to prepare protein 
gels is heat treatment. Heat gelation involves unfolding of protein which causes exposure of 
buried hydrophobic sides and interaction of hydrophobic sides of protein forming a gel network 
which entraps water and water soluble substances. However, this method is applicable to water 
soluble bioactive compounds and may damage heat sensitive compounds. The development of 
novel delivery systems for water insoluble materials is required especially in pharmaceutics to 
improve their solubility and bioavailability in aqueous media. To achieve extended release of 
such hydrophobic compounds, many approaches have developed and a great number of these 
methods involve the use of organic solvents such as alcohols.  
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It was earlier shown that alcohols induced protein aggregation. Cu/Zn superoxide 
dismutase associated with amyotrophic lateral sclerosis (ALS) formed aggregates by addition of 
trifluoroethanol (Stathopulos et al., 2003). Benzyl alcohol partially unfolded cytochrome c and 
induced aggregation of protein under isothermal conditions (Singh et al., 2010). The addition of 
ethanol led to aggregation of β-lactoglobulin where final ethanol concentration was 50% (Dufour 
and Haertle, 1990). The behavior of β-lactoglobulin in aqueous ethanol differs with ethanol 
content of solution. Below 20% ethanol, protein maintained its native state but β-strand in 
protein structure weakened in 30% ethanol and α-helix formation was favored over β-sheets. In 
40% or above ethanol concentrations, β-sheet percentage of β-lactoglobulin increased due to 
change in hydrophilic/hydrophobic balance in environment which initiated aggregation of 
protein following by gelation (Mousavi et al., 2008). Gelation behavior of β-lactoglobulin in 
alcohol-water mixture was investigated recently using small-angle neutron scattering, neutron 
spin echo and dynamic light scattering for various alcohols. They found that minimum alcohol 
concentration for gelation changed depending on hydrophobicity of alcohol. Transition from α-
helix to β-sheets was not seen at high alcohol concentrations because of stabilization of α-helix 
structure and no gelation occurred. Inhomogeneous aggregates were formed through dissolution 
of gel network by addition of large amount of alcohol which was over 50% for ethanol (Yoshida 
et al., 2010).  
The aim of this research is to gain an understanding of gelation mechanism of whey 
proteins in addition of ethanol. In this study, oscillation tests were employed to investigate the 
viscoelastic properties of whey protein gels formed upon addition of varying ethanol contents 
and reveal the effect of protein composition on gelling ability of whey protein in ethanol-water 
binary solvent system. 
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5.3 MATERIALS AND METHODS 
Whey protein isolate (WPI) was donated from Davisco Foods International Inc. (Le 
Sueur, MN) which was composed of 95% protein (min), 1% fat (max), 3% ash (max) and 1% 
lactose (max). Ethanol (USP) was purchased from Decon Labs, Inc. (King of Prussia, PA). Whey 
protein concentrate (WPC) was obtained from Abbott Nutrition (Columbus, OH). The 
composition of WPC was 75% protein (min), 6.5% fat (max), 6% ash (max) and 5% lactose 
(max). 
5.3.1 Dynamic rheological measurements 
Adequate amount of whey protein (WPI or WPC) was suspended in deionized water. 
Protein suspensions were kept overnight at 4 °C to allow for hydration of protein and next day 
adequate amount of ethanol was added into protein dispersion to induce protein gelation where 
the final ethanol content of solution was 40%, 50% and 60% v/v and the protein concentrations 
were 5%, 10%, 15%, and 20%, w/v.  
The rheological properties were determined by using ARES-G2 rheometer (TA 
Instruments, New Castle, DE). Linear viscoelastic region was monitored by running oscillation 
amplitude tests prior to oscillation time sweep and frequency sweep tests. Small amplitude 
oscillation time sweep tests were performed to determine parameters required for instant gelation 
by addition of ethanol. Gelation was defined as the point at which the storage modulus (G′) 
was greater than loss modulus (G”). For sol samples, dynamic concentric cylinder was filled with 
30 ml of protein suspensions in ethanol-water mixture and top layer was covered with mineral oil 
after immersion of probe. Serrated parallel plate geometry of 25 mm diameter and 2 mm gap was 
employed for gel samples. Oscillation time sweep tests were carried out at constant strain 0.1% 
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and fixed frequency 1 Hz. In frequency sweep tests, G’ and G” were recorded as a function of 
frequency (1-100 rad/s).  
5.4 RESULTS AND DISCUSSION 
5.4.1 Whey protein concentrates (WPC) gels 
Oscillatory rheological measurements were performed to assess the gelling characteristics 
of WPC in aqueous ethanol. The storage modulus (G’) and loss modulus (G”) were measured 
over time for different WPC concentrations in varying ethanol contents and represented in Figure 
5.1. The oscillatory results revealed that the concentration of WPC affected the viscoelastic 
behavior showing different trends to form a gel network. It can be seen that the ethanol content 
of solution affected the elastic behavior of WPC gels. At 5% WPC concentration, gel network 
formation was only observed in 60% ethanol solution (G’ > G”). At lower ethanol content, 
viscous properties were dominant. By increasing the protein concentration, gelation occurred in 
lower ethanol contents. It has been seen from the oscillation time sweep test that gelation began 
at 1000 s for 10% WPC in 40% ethanol. WPC gels were made above 40% ethanol content and 
the gel strength was dependent on ethanol content at 10% WPC concentration. However, 
different trend were observed about gel strength at 15% WPC concentration. The use of higher 
ethanol contents decreased the storage modulus in magnitude for 15% WPC gels. The reduction 
in G’ could be attributed to presence of other components such as lipids and lactose in WPC. It 
has been previously reported that lipids may inhibit gelation properties of WPC by competing for 
hydrophobic sites on protein molecules (Mei et al., 1996; Vaghela and Kilara, 1996). When 
ethanol was added in 20% WPC dispersions, all WPC dispersions formed gel network in 40-60% 
ethanol. However, the gel strength was dependent on ethanol content of solution. G’ value for 
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gels formed in 50% ethanol was greater from G’ value of gels containing 40% and 60% ethanol. 
Interestingly, 60% ethanol content formed weaker gels. It was observed that protein–protein 
aggregation occurred instantly by addition of small amount of ethanol but aggregates dissociated 
after all ethanol was added into protein dispersion. The dissociation of protein probably caused a 
decrease in elasticity (G’) of gels prepared in 60% ethanol. Since ethanol is a non-solvent for 
whey protein, it leads to aggregation of protein through non-covalent bonds which are weak 
interactions and easy to break. Therefore, high amount of ethanol could change the balance 
between protein-solvent interactions and cause dissociation of protein aggregates. This indicates 
that ethanol induced aggregation of protein might be reversible. 
Figure 5.1. The storage (G’) and loss moduli (G’’) as a function of time for  a)  5%, b) 
10%, c) 15% and d) 20% WPC in 40% (black), 50% (blue) and 60% (pink) ethanol.  
Empty and closed symbols are loss modulus (G’’) and storage modulus (G’), respectively. 
d) 
a) 
c) 
b) 
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Figure 5.2 shows mechanical spectra of WPC gels developed at 15-20% protein 
concentrations. In all ethanol contents, gels at 15% WPC concentration showed a typical 
behavior of weak gels which have higher dependency on the frequency compared to true gels. G’ 
value was higher than G” throughout frequency range of 1-100 rad/s which confirms solid-like 
behavior of WPC samples. At 20% WPC, gels in 60% ethanol were more frequency dependent 
compared with the gels prepared in 40% and 50% ethanol. 
5.4.2 Whey protein isolate (WPI) gels 
The influence of protein concentration and ethanol content of solution on storage 
modulus (G’) and loss modulus (G”) of WPI dispersions/gels are given in Figure 5.3. Storage 
(G′) and loss modulus (G′′) characterize the degree of elastic (solid-like) and viscous (liquid-like) 
character of a gel, respectively. The viscous properties are higher than elastic properties for 5% 
WPI samples regardless of ethanol content. For 10% WPI concentrations, viscous properties are 
higher in 40% and 50% ethanol but elastic properties overcome viscous properties in 60% 
Figure 5.2. Viscoelastic behavior of WPC gels a) 15% and b) 20% WPC in 40% (black), 
50% (blue) and 60% (pink) ethanol. Solid symbols correspond to storage modulus (G’) 
and open symbols represent loss modulus (G”). 
a) b) 
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ethanol. This suggests that protein aggregation can be induced by increasing non-solvent content 
(ethanol), thus the gel network may form at this protein concentration with higher ethanol 
content environment. Renard et al., (1999) reported similar results about gelation of β-
lactoglobulin in ethanol-water environment. They found that β-lactoglobulin formed gel network 
faster above threshold protein concentration (4.6%) and higher ethanol contents. Our results 
suggest that 15% WPI concentration is sufficient to immediately form a gel in 40-60% ethanol. 
Ethanol content of solution is important factor that promotes changes in secondary structure of β-
lactoglobulin. The rigidity of the gel is influenced by ethanol content. More rigid gel structures 
can be obtained by increasing ethanol content of solution.  
Figure 5.3. The storage (G’) and loss moduli (G’’) as a function of time for  a)  5%, 
b) 10%, c) 15% and d) 20% WPI in 40% (black), 50% (blue) and 60% (red) ethanol.  
Empty and closed symbols are loss modulus (G’’) and storage modulus (G’), 
a) b) 
c) d) 
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At 20% WPI concentration, stiff gels were obtained in 40-60% ethanol. However, the 
stiffness of the gels in 50% and 60% ethanol are very close. Protein dispersion gelled very 
quickly upon addition of small amount of ethanol which prevented holding of all ethanol that 
required for setting final ethanol content of gels to 60%. Therefore, it was observed phase 
separation for 20% WPI gels in 60% ethanol which could explain why the stiffness of gels in 
50% and 60% ethanol are close in magnitude.  
The viscoelastic properties of gels formed upon addition of ethanol were assessed by 
frequency sweep experiments (Figure 5.4). It was observed that a minimum protein 
concentration required for establishing protein gel network in ethanol was 10% (w/v) where 
ethanol content of solution should be 60% (v/v) or higher. At higher protein concentrations 
(>10%, w/v), instant protein gelation can occur in lower ethanol contents (<60%, v/v). It was 
observed that storage modulus was slightly higher than loss modulus for samples at 10% protein 
concentration as shown in Figure 5.4a. Storage modulus (G’) and loss modulus (G”) increased 
with increasing angular frequency. Figure 5.4b shows frequency dependence of gels at 15% 
Figure 5.4. Dynamic shear moduli as a function of frequency for a) 10%, b) 15% and c) 
20% WPI protein gels in 40% (black), 50% (blue) and 60% ethanol (pink). 
a) b) c) 
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protein formed in 40% ethanol. The G’ values for 15% and 20% protein samples were always 
higher than G” values revealing gel-like properties. At 15% protein gels prepared with 40% 
ethanol, G’ sharply raised with increasing frequency where G’ was nearly independent from 
frequency for gels in 50% and 60% ethanol. G’ approximately parallels to G” within frequency 
region for 20% protein gels prepared with 40-60% ethanol (Figure 5.4c). The stiffer gels were 
formed in solutions containing higher ethanol content. 
5.5 CONCLUSIONS 
Whey protein gelation was promoted in ethanol-water environment. WPI and WPC were 
used to assess the gelation and gel properties of whey protein with varying composition in 
aqueous ethanol. Rheological measurement revealed that the addition of ethanol resulted in 
instant gel network formation at sufficient WPI concentration (>10%). Below critical WPI 
concentration, samples were viscous and viscosity improved with increasing ethanol content. 
The flow behavior of WPI in aqueous ethanol suggested that thickening was observed under 
shear rate. WPI formed strongest gels in 60% ethanol and the gel strength reduced with 
decreasing in ethanol content. WPC formed a gel in ethanol water mixture but its gel strength 
was relatively less in comparison to WPI counterparts due to differences in protein proportion. 
The stiffness of WPC gel followed different trend than WPC gels in varying ethanol content. 
Weaker gels were formed in higher ethanol contents suggesting the influence of other 
components present in whey protein on gelation. Gel network may be destroyed or formation 
may be inhibited by addition of high amount of ethanol.  
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CHAPTER 6 
ETHANOL-INDUCED PROTEIN GELS AS CARRIER MATRIX FOR 
LUTEIN DROPLETS
1
 
1
 The content of this chapter has been published in: Uzun et al., (2016). Ethanol-induced protein gels as carrier 
matrix for lutein droplets. Food Hydrocolloids, 61, 426-432.  
6.1 ABSTRACT 
Lutein-in-safflower oil was dispersed in ethanol-water mixtures to form droplets of nano- 
and micron scale size. Such dispersions were stabilized by stirring them in a whey protein isolate 
(WPI) solution, which gelled immediately upon coming in contact with ethanol, entrapping the 
lutein droplets. Gels were dried in a vacuum oven before storage. The mean droplet size of 
ethanolic emulsions was in the range of 54.1 to 1300.2 nm in 30-80% (v/v) ethanol as 
determined by dynamic light scattering (DLS). Transmission electron microscopy (TEM) images 
of lutein droplets entrapped in protein gels revealed that their initial droplet size was kept 
through the gelation and drying processes. Raman spectra of dried gels showed the characteristic 
peaks of lutein (1008, 1160 and 1529 cm
-1
) confirming the chemical stability of lutein through 
the process. X-ray diffraction data showed no evidence of lutein crystallization, suggesting that 
lutein remained dispersed within the oil droplets. The residual ethanol content of dried gels was 
found to be lower than the United States Pharmacopeia (USP) limit. The study indicated that 
lutein-in-safflower oil readily dispersed in ethanol-water mixtures, forming fine emulsions 
without the aid of surfactants. Whey protein gels intended for the entrapment of lutein-in-
safflower oil droplets were formed by ethanol-induced gelation at room temperature. Ethanol-
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induced protein gelation is a promising technique for the stabilization of nanoscale to micron 
scale oil droplets containing heat sensitive compounds. 
Keywords: Lutein; Nanoemulsion; Microemulsion; WPI; Ethanol-induced gelation 
6.2 INTRODUCTION 
Lutein, a xanthophyll, is one of 600 naturally occurring carotenoids. It is synthesized by 
plants, where it plays an essential role as photo-protectant in the process of photosynthesis. 
Lutein accumulates in the human retina where it may prevent eye disease due to its ability to 
absorb damaging blue light (Alves-Rodrigues & Shao, 2004; Barker et al., 2011; Arteni et al., 
2015). Lutein is the predominant carotenoid in human brain tissue where it may have antioxidant 
and anti-inflammatory activity (Kritchevsky, 2000; Johnson, 2005; Bian et al., 2012). Lutein's 
role in cognition has only recently been considered. In adults, higher lutein status is related to 
better cognitive performance (Johnson, 2012; Johnson et al., 2013; Feeney et al., 2013; Nolan et 
al., 2014). In pediatric brains, lutein accounts for more than half the concentration of total 
carotenoids. The greater proportion of lutein in the pediatric brain suggests a need for lutein 
during neural development (Johnson E. J., 2014; Vishwanathan, Kuchan, Sen, & Johnson, 2014; 
Lieblein-Boff, Johnson, Kennedy, Lai, & Kuchan, 2015). Lutein is abundant in green leafy 
vegetables, corn, and marigold flowers. However, its bioaccesibility and bioavailability is limited 
by the food matrix, dietary fat and fiber content, host-related factors, and interactions with other 
food constituents (Goni, Serrano, & Saura-Calixto, 2006). Lutein is commercially extracted from 
marigolds and marketed as a dietary supplement. There is an interest from industry and health 
professionals to enhance the bioavailability of lutein for food fortification purposes.  
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A number of delivery systems for bioactive compounds have been described in the 
literature, including colloidal dispersions, liposomes, and emulsions of a wide droplet size range 
(Davidov-Pardo and McClements, 2015; Grau, Kaysey, & Müller, 2000). Nanoemulsions are 
reported to increase the dispersibility of lipophilic compounds and enhance their bioabsorbability 
(Brüsewitz, Schendler, Funke, Wagner, & Lipp, 2007; Wang et al., 2008; Zhao et al., 2013). 
Salvia-Trujillo, Qian, Martin-Belloso, & McClements (2013), studying the influence of emulsion 
droplet size on the absorption of β-carotene, reported that a smaller droplet size (d << 200 nm) 
improved β-carotene bioaccessibility over medium (d ≈ 400 nm) and large (d ≈ 23 µm) droplet 
size.  
The approach taken in this work was to stabilize lutein-in-safflower oil droplets by 
entrapping them in in a whey protein gel. Protein gelation may occur by heat treatment (Chen & 
Dickinson, 1998; Guo, Ye, Lad, & Dalgleish, 2013), acid-induced gelation using glucono-δ-
lactone (Chen, Dickinson, & Edwards, 1999; Eissa and Khan, 2005), cold-set gelation by 
addition of salts (Ako, 2010; Alting, De Jongh, Visschers, & Simons, 2002; Mercade-Prieto & 
Gunasekaran, 2009), or by treatment with glutaminase (Doucet, 2003; Saricay, Dhayal, 
Wierenga, & Vries, 2012). Whey proteins form gels when heated at 80°C for 60 min (Gezimati, 
Creamer, & Singh, 1997). However, heat induced gelation may promote lutein degradation.  
Aparicio-Ruiz, Mínguez-Mosquera & Gandul-Rojas (2011) reported a ten-fold increase in the 
rate constant for degradation of lutein in olive oil when temperature increased from 60 to100°C. 
On the other hand, cold-set gelation relies on the addition of gel inducing agents, salts, acids or 
enzymes, which may be objectionable in certain foods. Alternatively, ethanol-induced gelation, 
which is carried out at room temperature, presents an intriguing possibility (Dufour, Robert, 
Renard, & Llamas, 1998; Nonthanum, Lee, & Padua, 2013; Renard et al., 1999).  
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The objective of this study was to investigate the potential of ethanol-induced protein 
gelation to stabilize lutein-in-safflower oil emulsions by entrapping oil droplets in a quickly 
gelling matrix. Whey protein gels loaded with lutein-in-safflower oils were subsequently dried 
under vacuum at low temperature. Dynamic light scattering (DLS) was employed to determine 
droplet size in liquid media. Transmission electron microscopy (TEM) was employed to examine 
the structure of dried gel samples and to investigate the effect of gelation and drying processes 
on lutein droplet size. Raman spectroscopy was used to confirm the chemical stability of lutein 
and X-ray diffraction was used to investigate the possible formation of lutein crystals in gelled 
and dried samples. Ethanol-induced gel formation may contribute to the development of 
carrier/delivery systems, especially for heat sensitive compounds.  
6.3 MATERIALS AND METHODS 
6.3.1. Materials 
Lutein-in-safflower oil (20% FloraGLO Lutein) was obtained from Kemin Industries, 
Inc. (Des Moines, IA). Whey protein isolate (WPI) was donated by Davisco Foods International 
Inc. (Le Sueur, MN). Ethanol (USP) was purchased from Decon Labs, Inc. (King of Prussia, 
PA). Ethanol assay kit was purchased from Sigma-Aldrich (St. Louis, MO). 
6.3.2. Preparation of lutein dispersions 
Lutein-in- safflower oil (500 mg) was dissolved in 1 mL of 100% ethanol and slowly 
added, with stirring on a magnetic plate at 350 rpm, to 12 mL of a series of 30-80% ethanol. To 
reduce droplet size, lutein emulsions prepared as above, were subjected to ultrasound treatment 
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with Sonics Vibra Cells Ultrasonic Processor (Sonics & Materials Inc., Newtown, CT, USA) for 
10s at 30% amplitude. 
6.3.3. Entrapment of lutein droplets in whey protein isolate gels 
WPI (3 g) was dispersed, with stirring at 400 rpm, in 7 mL deionized water and allowed 
to stand for 30 min to promote hydration. Lutein emulsions (10 mL), prepared either with or 
without sonication, were slowly poured into WPI dispersions. Protein gels were formed 
immediately upon mixing the ethanolic lutein emulsions with WPI dispersions. Gels were spread 
onto petri dishes and dried for 2 days in a vacuum oven at 35 °C. Dried samples were ground in a 
porcelain mortar and stored in the dark at room conditions of temperature and humidity until 
characterization studies. 
6.3.4. Characterization of lutein droplets  
6.3.4.1. Dynamic light scattering (DLS) 
The mean particle diameter and size distributions of lutein emulsions in a series of 
ethanol-water mixtures were measured with a ZetaPALS particle size analyzer (Brookhaven 
Instruments, Holtsville, NY). Emulsion aliquots (1.5 mL) were transferred into quartz cuvettes 
immediately after preparation. All measurements were performed at 25 °C with a 658 nm light 
source at a fixed scattering angle of 90°. The mean particle size was taken as the average of at 
least three runs, each run lasting 1 min.  
6.3.4.2. Transmission electron microscopy (TEM) 
The morphology of dried WPI gels containing lutein droplets was examined by TEM. 
Sample preparation involved re-dispersion of dried lutein-WPI gels in water and centrifuging 
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them at 5,000 rpm for 10 min. Pellets were re-dispersed in 1 mL of fixative solution (2% 
glutaraldehyde and 2.5% paraformaldehyde) and kept under refrigeration overnight. A drop of 
the dispersion in fixative solution was placed on a parafilm sheet. The copper coated side of the 
TEM sample holder grid was gently laid on top of the droplet and incubated for 10 min. A drop 
of a 7% uranyl acetate solution was added and held for 15 min. The grid was then removed from 
the droplet and allowed to dry at room temperature before TEM examination. 
6.3.4.3 Surface-enhanced Raman spectroscopy (SERS) 
SERS experiments were performed using a laser Raman microscope (RAMAN-11, 
Nanophoton Corp., Osaka, Japan). Raman scattering was excited by a high power laser, 
wavelength of 532 nm. Lutein-in-safflower oil, WPI, and dried lutein-WPI gels were placed on a 
glass slide and the laser focused on the samples with a 20× objective lens. Raman scattering 
signals were collected with an electrically cooled CCD detector (400×1340 pixels). Spectra were 
acquired in the region of 240 – 3000 cm-1. The spectra intensity was normalized to the 
phenylalanine peak at 1008 cm
-1
 and the baseline corrected to better display the obtained peaks.  
6.3.4.4 X-ray scattering 
Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering data were collected with a 
home-built equipment (Forvis Technologies, Santa Barbara, CA) fitted with a GeniX 3D Cu 
Ultra Low Divergence X-ray source (Xenocs, Sassenge, France). The X-ray source was 8 keV, 
the wavelength was 1.54Å, and the divergence was 1.3 mrad. Samples were placed in 1.5 mm 
quartz X-ray capillaries (Hilgenberg GmbH, Malsfeld, Germany). A Pilatus 300K, 20 Hz, hybrid 
pixel Detector (Dectris) was used for collecting diffraction data. Integrated peaks were analyzed 
with the FIT2D software from ESRF (http://www.esrf.eu/computing/scientific/FIT2D). 
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6.3.5 Residual ethanol content 
The residual ethanol content of dried lutein-WPI gels was determined with an ethanol 
assay kit (Sigma-Aldrich, St. Luis, MO). Ethanol standards were prepared following the 
procedure described in the kit instructions. All reagents were brought to room temperature before 
starting determinations. The 17.15 N Ethanol Standard (50 µL) was diluted with the Ethanol 
Assay Buffer to generate 1 nmole/µL ethanol standard. To prepare a standard curve, a series of 0, 
2, 4, 6, 8, and 10 µL of 1 nmole/µL ethanol standard were added into the well plates and the 
volume of each well was brought to 50 µL with Ethanol Assay Buffer. Dried gel powders (2 mg) 
were placed in vials and dispersed in 50 µL Ethanol Assay Buffer. The vials were tightly covered 
with parafilm and stirred for 30 min to ensure sample hydration. Master Reaction Mix (50 µL) 
composed of ethanol probe (2 µL), ethanol enzyme mix (2 µL) and ethanol assay buffer (46 µL) 
was mixed with both ethanol standards and samples. Sample vials and microplate were covered 
with aluminum foil and kept in a dark place for 60 min at room temperature. After the reaction 
was completed, samples were centrifuged at 14,000 rpm for 10 min. The supernatants were 
transferred to other vials and centrifuged again at 14,000 rpm for 10 min. The absorbance of 
samples and standards was determined with a spectrophotometer at 570 nm and ethanol content 
of samples was determined using the standard curve. 
6.3.6 Statistical analysis 
Statistically analysis of particle size data was run in OriginLab software (OriginLab 
Corp., MA, USA). One-way analysis of variance (ANOVA) was carried out to determine 
significant differences among means at P < 0.05.  
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6.4 RESULTS AND DISCUSSION 
6.4.1 Dynamic light scattering (DLS) 
Lutein-in-safflower oil was dispersed in ethanol-water mixtures (30-80% v/v) with and 
without the aid of ultrasound treatment. The effects of ethanol content and ultrasound treatment 
on the size of lutein-in-safflower oil droplets were investigated by DLS. Droplet size was 
determined from the autocorrelation function of scattered intensity, which was used to calculate 
droplets diffusion coefficient and then effective diameter, based on Stokes-Einstein equation. 
Figure 6.1a shows typical DLS spectrograms for sonicated samples, while Figure 6.1b shows 
typical spectra of samples prepared without sonication. The droplet size distribution was bimodal 
with peaks at 29.5 and 83.9 nm (effective diameter of 57.4 nm) for sonicated samples and peaks 
at 461.4 and 2898 nm (effective diameter of 1237.5 nm) for samples prepared without 
sonication. Bimodal distributions of oil-in-water microemulsions were observed by Goddeeris, 
Cuppo, Reynaers, Bouwman and Van den Mooter (2006).  
Figure 6.1. a) Droplet size distribution in a) lutein nanoscale emulsions and b) lutein 
micron scale emulsions, prepared in 50% ethanol. 
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Figure 6.2 shows the effect of ethanol content on droplet size (mean effective diameter) 
of lutein-in-safflower oil emulsions. When no sonication was applied, the mean droplet size was 
1300.2 ± 164.8 nm at 30% ethanol, which remained largely unchanged as ethanol increased to 
50%. At 60% ethanol, droplet size decreased sharply to 568 ± 59.1 nm, although increased 
slowly to 940.1 ± 122.4 nm at 80% ethanol. It was suggested that the smaller droplet size at 
>60% ethanol was due to higher lutein and safflower oil solubility at higher ethanol content. 
Ultrasound treatment significantly (p < 0.05) decreased droplet size at all levels of ethanol 
content, consistent with Ghosh, Mukherjee, & Chandrasekaran (2014) and Tabibiazar et al. 
(2015). Droplet size remained below 100 nm as ethanol content increased from 30 to 50%.  
However, it steadily increased afterwards to reach 536.8 ± 23.9 nm at 80% ethanol. This trend 
was thought to be due to higher lutein and safflower oil solubility at high ethanol content, where 
the droplet structure was lost due to increasing miscibility of dispersed and dispersing 
components. DLS results suggested that droplets maintained their integrity up to 50% ethanol. 
Figure 6.2. Effect of ethanol content and ultrasound treatment on mean droplet 
size of lutein emulsions, with sonication (red), without sonication (blue).  
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Therefore, lutein emulsions in 50% ethanol prepared with and without sonication were used in 
further experiments.  
6.4.2 Transmission electron microscopy (TEM) 
Lutein-in-safflower oil emulsions in 50% ethanol were mixed with water dispersions of 
WPI.  Gelation of WPI was observed immediately after the protein came in contact with the 
ethanolic emulsions. Lutein-WPI gels were vacuum-dried and stored at room temperature until 
further analysis. The protein matrix was thought to act as a barrier between droplets, thus 
preventing aggregation and coalescence. 
Figure 6.3. TEM images of micron scale (a, b) and nanoscale (c, d) of lutein 
droplets embedded in WPI protein gels. Small nanoscale droplets were highlighted 
by the white arrows (d). 
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The microstructure of lutein-in-safflower oil emulsions stabilized in WPI gels was 
examined by TEM. Figures 6.3a and 6.3b show lutein-WPI systems prepared without ultrasound 
treatment. It shows lutein-in-safflower oil droplets of approximately 400 – 3,000 nm in diameter, 
consistent with DLS results. Lutein droplets seemed to be well distributed in the system. TEM 
images show lutein-in-safflower oil droplets embedded in the protein matrix, in some instances 
protein (dark stained material) collected at the droplet surface. Protein adsorbed at droplets’ 
surface was reported to prevent aggregation of nanoscale β-carotene droplets (Wang et al., 2015). 
Figures 6.3c and 6.3d show TEM images of lutein-WPI systems where the ethanolic lutein 
emulsions were sonicated. Droplet size was in agreement with DLS data, where the mean droplet 
size was 50 nm. Again, lutein-oil droplets seemed to be well distributed in the system. Images 
suggested that vacuum drying (at 35°C) of lutein-WPI gels did not cause phase separation but 
maintained the droplet size of original emulsions. 
6.4.3 Raman spectroscopy 
Lutein may be degraded under various processing conditions including heat treatment 
(Aparicio-Ruiz, Minguez-Mosquera, & Gandul-Rojas, 2011), microwave heating (Fratianni et 
al., 2013), exposure to oxygen (Henry, Catignani, & Schwartz, 1998) and UV light (Kline, 
Duncan, Bianchi, Eigel, & O’Keefe, 2011). The conjugated carbon chain of lutein makes it 
susceptible to degradation reactions (Henry et al., 1998; Shen, Yang, Zhao, Shen, & Diao (2015).  
Hadjal, Dhuique-Mayer, Madani, Dornier, & Achir (2013) studied the thermal degradation of 
blood orange xanthophylls, including lutein. They reported that lutein in blood orange juice 
exhibited a degradation rate constant of 1.8 × 10
-2
 L mg
-1
 min
-1
 at 90 °C. In this work, the effect 
of thermal processing conditions on lutein was expected to be minimized by preparing WPI 
carrier gels by ethanol-induced gelation at room temperature. Gels were subsequently vacuum-
102 
 
dried below 35 °C. The stability of lutein after the emulsification and stabilization processes was 
investigated by Raman spectroscopy. The spectra of lutein, WPI, and dried lutein-WPI gels 
collected in the region of 500 – 2600 cm-1 are shown in Figure 6.4. Lutein characteristic peaks at 
1008, 1159 and 1526 cm
-1 
(Xia et al., 2015; Arteni et al., 2015) were observed in the dried lutein-
WPI gels samples, indicating the stability of lutein in nanoscale and micron scale droplets 
through the emulsification and drying processes.  
The Raman spectra of WPI, wet WPI gel, and dried WPI gel are shown in Figure 6.5. The 
amide I band in the 1667 – 1673 cm-1 region represents amide C=O stretch and N-H bending, 
and corresponds to antiparallel β-sheet (Davila, Pares, & Howell, 2006; Zhang, Zhang, Lin, & 
Vardhanabhuti, 2012). Blanpain-Avet et al. (2012) observed changes in the secondary structure 
of β-lactoglobulin after thermal denaturation and interpreted them as a reduction in α-helix and 
Figure 6.4. Raman spectra of WPI (a), lutein in safflower oil (b), nanoscale (c) 
and micron scale (d) lutein droplets embedded in WPI gels.  
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an increase of β-sheet structures. The band at 1671 cm-1 in the WPI spectrum was consistent with 
amide I. A shift from 1671 to 1674 cm
-1
, observed after drying of WPI gel samples, may be 
attributed to β-sheet formation (Tadpitchayangkoon et al., 2010). Renard and coworkers (1999) 
observed β-sheet formation in ethanol induced gels. Figure 6.5 also shows characteristic bands 
for ethanol at 882, 1050 and 1088 cm
-1
 in WPI gels (Shih and Smith, 2009; Dolenko, Burikov, 
Hojo, Patsaeva & Yuzhakov, 2010). These bands were not present in the original WPI or in dried 
WPI gels, suggesting that ethanol was completely removed after gel drying.  
6.4.4 X-ray diffraction 
Figure 6.6 shows SAXS diffraction patterns collected for lutein, WPI, and dried lutein-
WPI gels. In the lutein scan, broad peaks were observed at wave vectors of 1.25 and 2 nm
−1
. 
These peaks appeared only in the diffraction pattern of pure lutein and were attributed to an 
Figure 6.5. Raman spectra of WPI (a), wet WPI gel (b), and dried WPI gel (c). 
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aggregate structure of lutein. No SAXS peaks were observed on lutein-WPI gels, suggesting that 
the aggregates found in pure lutein were dispersed during the emulsification process.  
Figure 6.6.  Small angle x-ray scattering data of WPI (red), lutein (purple), 
nanoscale lutein droplets embedded in WPI gels, (green) and micron scale 
droplets in WPI gels (blue).  
Figure 6.7.  Wide angle x-ray scattering data of WPI (red), lutein (purple), 
nanoscale lutein droplets embedded in WPI gels, (green) and micron scale 
droplets in WPI gels (blue).  
 
a) 
b) 
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WAXS patterns obtained for lutein, WPI, and dried lutein-WPI gels are shown in Figure 
6.7. The broad peak in the lutein scan at 15 nm
-1
 suggested the presence of aggregated lutein. 
Whey protein isolate exhibited two broad peaks at 6 and 14 nm
-1
, which were consistent with 
protein β-sheet structures. WAXS patterns of dried lutein-WPI gels also showed the 
characteristic peaks of β-sheet structures. The absence of peaks associated with lutein aggregates 
in dried lutein-WPI gels further suggested the dispersion of lutein aggregates in the 
emulsification process. The absence of sharp peaks in WAXS patterns suggested that lutein did 
not form crystalline structures after gel stabilization. 
3.4.5 Residual ethanol content 
Residual ethanol in dried lutein-WPI gels was determined with an ethanol assay kit, 
reading the spectrophotometric intensity at 570 nm. The residual ethanol content of lutein-WPI 
gels containing nanoscale and micron scale size droplets was 0.1871 and 0.1703 mg per gram of 
sample, respectively. In the United States Pharmacopeia (USP), residual solvents are classified 
by their risk assessment and ethanol is listed in Class 3. The allowable limit to daily intake of 
Class 3 residual solvents is 50 mg per day, as stated in USP Reference Standards. The residual 
ethanol content of dried lutein-WPI gels was well under the Class 3 limit for daily intake. 
6.5 CONCLUSIONS 
Ethanol-induced gelation of whey protein was successfully applied in the development of 
a dry carrier matrix for lutein-in-safflower oil droplets ranging from 50 to 3000 nm in diameter.  
The process relied on the rapid gelation of whey protein suspensions when coming in contact 
with ethanol.  Ethanol-induced gelation quickly solidified the protein matrix preventing oil 
droplet migration and coalescence.  
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TEM images of dried gels confirmed that the process preserved the original size of lutein 
droplets. Raman spectroscopy confirmed the chemical stability of lutein through the process. X-
ray diffraction spectra indicated that lutein remained dispersed and did not undergo 
crystallization. Residual ethanol determinations indicated that the lutein carrier system was 
essentially free of ethanol and consisted only of lutein-in-safflower oil and whey protein isolate. 
Results suggested that ethanol-induced protein gelation is a promising approach in the 
development of carrier/delivery systems with low content of added/residual ingredients, 
especially for heat sensitive compounds. Stabilization of lutein-in-safflower oil droplets of 
nanoscale to micron scale diameter may facilitate bioaccesibility studies to determine the effect 
of droplet size on bioabsorption. 
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APPENDIX A  
USAXS RESULTS OF ZEIN DISPERSIONS  
A.1 USAXS RESULTS OF FRESH AND AGED ZEIN DISPERSIONS IN AQUEOUS ETHANOL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A 1.  Rg  values for fresh zein dispersions in aqueous ethanol. 
  Rg1    Rg2  
Zein concentration 
%, w/v 
Ethanol content %, v/v 
 
Ethanol content %, v/v 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
30%zein 
 
46.6 29.5 15.8 16.9 
 
1528.6 728.1 1211.2 334.7 
65.6 30.3 20.3 20.3 
 
1872.8 709.3 1017.3 492.4 
49.1 18.6 22.5 38.9 
 
2297.2 1132.9 1140.5 322.0 
 
22.5 10.3 23.3 
  
694.4 3181.4 499.1 
 
23.0 17.6 
   
767.7 3119.7 
 
 
27.4 
    
1194.3 
  Mean 53.8 25.2 17.3 24.8 
 
1899.5 871.1 1934.0 412.0 
Standar dev. 10.3   4.6   5.1   9.7 
 
  385.0  228.7 1112.9   96.8 
40%zein 
41.2 9.2 13.4 25.0 
 
832.5 1269.7 1522.9 471.7 
59.5 20.7 14.9 27.8 
 
824.8 934.2 1836.3 583.1 
59.1 16.5 19.3 21.7 
 
800.8 812.9 1258.3 315.4 
57.5 
 
16.0 20.6 
 
732.2 
 
1186.3 279.5 
  
21.4 
    
1053.7 
 Mean 51.3 15.5 17.0 23.8 
 
797.6 1005.6 1371.5 412.4 
Standar dev.   8.8   5.8   3.3   3.3 
 
  45.6   236.7    311.1 141.1 
60%zein 
57.1 21.1 17.6 22.5 
 
1416.9 1593.6 1888.8 386.8 
46.8 13.6 16.3 16.1 
 
1530.9 1942.0 1927.5 360.7 
39.0 14.6 12.9 17.3 
 
1163.3 1207.3 1202.3 507.5 
39.7 13.7 16.4 24.1 
 
720.6 1437.2 973.0 660.9 
   
23.6 
    
400.1 
Mean 45.7 15.7 15.8 20.7 
 
1370.4 1545.0 1497.9 463.2 
Standar dev.     8.4   3.6   2.0   3.7 
 
  188.2   308.6    483.2 123.9 
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Table A 2.  P values of fresh zein dispersions in aqueous ethanol. 
  P1    P2    P3 
Zein 
concentration %, 
w/v 
Ethanol content %, v/v   Ethanol content %, v/v   Ethanol content %, v/v 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
30%zein 
1.0 1.0 1.0 2.4 
 
2.7 2.3 3.1 2.7 
 
4.2 3.5 3.4 2.0 
1.0 1.0 1.0 2.1 
 
3.3 4.2 3.4 2.0 
 
4.0 4.0 3.5 2.1 
1.0 1.0 1.0 1.0 
 
2.8 1.7 2.5 1.7 
 
4.2 2.6 3.1 2.9 
 
1.0 1.0 1.0 
  
2.3 2.6 1.0 
  
3.5 4.2 1.8 
 
1.0 
    
2.5 
    
3.5 
  
 
1.0 
    
4.2 
    
4.2 
  Mean 1.0 1.0 1.2 1.6 
 
2.9 2.9 2.9 1.9 
 
4.1 3.5 3.5 2.2 
Standard dev. 0.0 0.0 0.4 0.7 
 
0.4 1.1 0.4 0.7 
 
0.1 0.6 0.5 0.5 
40%zein 
1.0 1.0 1.0 1.0 
 
2.6 1.8 2.2 2.7 
 
3.7 3.1 3.5 3.7 
1.0 1.0 1.0 1.3 
 
2.4 2.5 2.9 3.3 
 
4.1 4.1 4.2 4.3 
1.0 1.0 1.0 2.5 
 
2.6 2.0 2.4 2.6 
 
3.5 4.2 3.6 2.6 
1.0 
 
1.0 2.1 
 
1.9 
 
2.8 2.6 
 
1.0 
 
3.5 4.2 
  
1.6 
    
2.7 
    
4.2 
 Mean 1.0 1.0 1.1 1.7 
 
2.6 2.1 2.6 2.8 
 
3.1 3.8 3.8 3.7 
Standard dev. 0.0 0.0 0.3 0.7 
 
0.1 0.3 0.3 0.3 
 
0.3 0.6 0.4 0.8 
60%zein 
1.0 1.0 1.0 2.1 
 
2.3 2.8 3.0 3.2 
 
4.2 4.0 4.0 3.3 
1.0 2.0 1.0 1.4 
 
3.0 2.9 3.1 1.9 
 
4.2 4.2 4.1 3.0 
1.0 1.0 1.0 1.0 
 
4.2 2.8 2.9 3.6 
 
4.0 3.5 3.5 4.0 
1.0 1.0 1.0 1.0 
 
3.0 2.2 2.7 3.4 
 
3.7 4.2 4.2 3.8 
   
1.9 
    
2.5 
    
3.3 
Mean 1.0 1.3 1.0 1.5 
 
3.1 2.7 2.9 2.9 
 
4.0 4.0 3.9 3.5 
Standard dev. 0.0 0.5 0.0 0.5 
 
0.8 0.3 0.2 0.7 
 
0.2 0.3 0.3 0.4 
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Table A 3. Rg values of aged zein dispersions in ethanol. 
  Rg1    Rg2  
 
Ethanol content %, v/v 
 
Ethanol content %, v/v 
Zein concentration %, w/v  70E 80E 90E 
 
70E 80E 90E 
30%zein 
15.2 15.91 23.4 
 
720.8 574.03 513.7 
15.36 21.61 10.87 
 
736.08 518.08 465.11 
28.97 30.45 20.17 
 
739.15 818.26 551.91 
 
29.92 24.75 
 
 
663.31 558.41 
 
17.5 28.31 
 
 
582 447.14 
 
 
27.29 
 
 
 
609.38 
Mean 19.8 23.1 22.5 
 
732.0 631.136 524.3 
Standar dev. 7.9 6.8 6.4 
 
9.8 116.734 61.2 
40%zein 
44.1 20.5 36.23 
 
1160.4 405.7 517.9 
17.0 19.06 23.09 
 
254.7 461.7 503.6 
62.2 14.00 14.03 
 
993.5 483.2 505.9 
 
17.51 22.47 
  
541.7 482.2 
 
17.03 26.3 
  
601.6 444.3 
Mean 41.1 17.6 24.4 
 
802.9 498.8 490.8 
Standar dev. 22.7 2.4 8.0 
 
482.0 75.4 14.9 
60%zein 
15.2 11.3 18.4 
 
483.0 483.4 1079.4 
40.8 18.6 11.8 
 
544.7 479.1 1564.5 
27.8 25.3 25.9 
 
504.9 548.7 811.9 
30.5 15.5 9.5 
 
530.5 522.9 1338.9 
21.0 
   
493.4 
  Mean 27.1 17.7 16.4 
 
511.3 508.5 1198.7 
Standar dev. 9.7 5.9 7.4 
 
25.7 33.3 325.2 
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Table A 4.  P values of aged zein dispersions in ethanol 
 
     P1    P2    P3 
Zein concentration %, w/v Ethanol content %, v/v  
 
Ethanol content %, v/v   Ethanol content %, v/v  
70E 80E 90E 
 
70E 80E 90E 
 
70E 80E 90E 
30%zein 
1.0 1.0 1.0 
 
1.4 1.4 1.7 
 
3.6 3.4 2.1 
1.0 1.0 1.0 
 
1.5 1.7 1.5 
 
4.2 4.2 4.2 
1.0 1.0 1.0 
 
2.4 2.2 1.9 
 
4.2 4.2 4.2 
 
1.0 1.0 
  
2.2 1.9 
  
3.6 2.2 
 
1.0 1.0 
 
 
1.4 2.4 
  
3.4 4.0 
 
 
1.0 
 
 
 
2.5 
  
 
3.6 
Mean 1.0 1.0 1.0 
 
1.8 1.8 2.0 
 
4.0 3.7 3.4 
Standar dev. 0.0 0.0 0.0 
 
0.6 0.4 0.4 
 
0.4 0.4 1.0 
40%zein 
1.0 1.0 1.0 
 
2.5 1.5 2.1 
 
3.8 3.4 4.2 
1.0 1.0 1.0 
 
1.2 1.3 2.5 
 
4.2 4.2 3.4 
1.0 1.0 1.0 
 
3.2 3.0 1.8 
 
4.2 3.6 3.5 
1.0 1.0 1.0 
  
1.4 4.2 
 
 
3.6 4.2 
 
1.0 2.0 
  
1.5 2.8 
 
 
3.8 3.9 
Mean 1.0 1.0 1.2 
 
2.3 1.7 2.7 
 
4.1 3.7 3.9 
Standar dev. 0.0 0.0 0.0 
 
1.0 0.7 1.1 
 
0.2 0.3 0.4 
60%zein 
1.0 1.5 1.0 
 
1.8 1.6 4.2 
 
4.2 4.2 4.2 
1.0 1.0 1.0 
 
2.5 1.8 3.1 
 
4.0 4.2 4.1 
1.0 1.0 1.0 
 
2.6 2.6 3.0 
 
3.4 3.8 4.2 
1.0 1.0 1.0 
 
2.3 2.3 3.3 
 
4.0 3.5 4.0 
1.0 
   
2.7 
   
3.4 
  Mean 1.0 1.1 1.0 
 
2.4 2.1 3.4 
 
3.8 3.9 4.1 
Standar dev. 0.0 0.2 0.0 
 
0.4 0.5 0.6 
 
0.4 0.4 0.1 
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A.2 USAXS RESULTS OF FRESH AND AGED ZEIN-OLEIC ACID DISPERSIONS IN AQUEOUS ETHANOL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A 5.  Rg values of fresh oleic acid-zein dispersions in aqueous ethanol. 
  Rg1    Rg2  
Zein concentration 
%, w/v 
Ethanol content %, v/v 
 
Ethanol content %, v/v 
60% 70% 80% 90% 
 
60% 70% 80% 90% 
30%zein 
25.7 21.1 15.9 12.0 
 
1422.9 2726.3 2639.6 496.8 
20.3 27.0 15.0 36.6 
 
1418.5 906.0 1917.1 489.3 
24.4 24.4 16.8 33.2 
 
1436.8 2961.0 2151.1 466.7 
22.1 
 
15.8 
  
1473.7 
 
2006.9 
 
Mean 23.1 24.1 15.9 27.3 
 
1438.0 2197.8 2178.7 484.3 
Standar dev. 2.4 2.9 0.7 13.3 
 
25.1 1124.9 322.0 15.7 
40%zein 
26.4 18.3 27.7 16.9 
 
705.3 1712.4 1374.3 308.1 
25.2 24.5 19.7 11.6 
 
761.3 1520.9 1446.3 569.2 
27.6 24.3 20.0 18.1 
 
601.8 1861.1 1565.0 735.8 
 
25.0 19.1 
 
 
 
1882.9 1301.1 
 
Mean 26.4 23.0 21.6 15.5 
 
689.4 1744.3 1421.7 537.7 
Standar dev. 1.2 3.1 4.0 3.4 
 
80.9 167.1 112.4 215.6 
60%zein 
31.6 21.9 17.4 12.6 
 
1255.9 763.4 899.6 428.3 
28.5 28.3 17.2 13.0 
 
1531.6 606.4 879.2 453.8 
32.8 24.1 18.4 28.6 
 
1401.7 624.5 814.4 750.1 
33.5 
 
18.4 34.1 
 
1237.4 
 
749.2 663.0 
Mean 31.6 24.8 17.8 22.1 
 
1356.7 664.7 835.6 573.8 
Standar dev. 2.2 3.2 0.6 11.0 
 
137.9 85.9 68.1 157.7 
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Table A 6.  P values of fresh oleic acid-zein dispersions in aqueous ethanol. 
 
      P1    P2    P3 
Zein concentration 
%, w/v 
Ethanol content %, v/v 
 
Ethanol content %, v/v 
 
Ethanol content %, v/v 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
30%zein 
1.3 2.0 1.1 1.0 
 
2.7 3.7 2.6 4.2 
 
3.8 3.0 4.0 4.2 
1.0 1.5 2.0 1.5 
 
2.5 3.2 2.6 4.2 
 
3.4 4.0 4.2 4.0 
1.4 1.6 2.3 1.5 
 
2.5 4.2 3.1 3.0 
 
3.6 4.1 4.2 3.6 
1.0 
 
2.1 
  
2.6 
 
2.2   
 
3.4 
 
3.8   
Mean 1.2 1.7 1.9 1.3   2.6 3.7 2.6 3.8   3.5 3.7 4.0 3.9 
Standar dev. 0.2 0.2 0.5 0.3   0.1 0.5 0.4 0.7   0.2 0.6 0.2 0.3 
40%zein 
1.0 1.1 1.0 1.2 
 
2.8 2.7 2.7 2.9 
 
4.2 4.2 2.8 4.2 
1.1 1.3 1.0 2.8 
 
2.1 3.8 3.1 2.4 
 
4.0 4.2 3.1 3.1 
1.5 1.2 1.0 1.0 
 
2.7 3.7 3.3 1.9 
 
3.7 3.7 4.2 2.9 
 
1.2 1.0 
 
 
 
3.6 3.6   
 
 
4.2 3.0   
Mean 1.2 1.2 1.0 1.6   2.5 3.4 3.2 2.4   4.0 4.1 3.3 3.4 
Standar dev. 0.3 0.1 0.0 1.0   0.4 0.5 0.4 0.5   0.3 0.3 0.6 0.7 
60%zein 
1.2 1.1 1.0 3.7 
 
3.6 2.1 3.1 3.3 
 
4.2 4.2 4.2 4.2 
1.4 1.1 1.3 1.0 
 
2.2 2.7 2.2 3.0 
 
4.2 3.5 4.2 4.1 
1.5 1.3 1.0 1.8 
 
3.2 1.9 2.6 3.4 
 
4.2 3.4 3.4 4.2 
1.4 
 
1.0 1.3 
 
3.5 
 
2.7 3.1 
 
4.0 
 
4.2 4.2 
Mean 1.4 1.2 1.1 2.0   3.1 2.2 2.7 3.2   4.1 3.7 4.0 4.2 
Standar dev. 0.1 0.1 0.2 1.2   0.6 0.4 0.4 0.2   0.1 0.5 0.4 0.1 
121 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A 7. Rg values of aged oleic acid-zein dispersions in aqueous ethanol. 
  Rg1    Rg2  
Zein concentration 
%, w/v 
Ethanol content %, v/v 
 
Ethanol content %, v/v 
70E 80E 90E 
 
70E 80E 90E 
30% zein 
62.5 61.1 22.8  717.0 764.2 941.0 
62.6 77.0 19.4  747.0 740.5 953.3 
61.1 76.8 28.4  725.7 549.7 907.2 
60.9  19.9  719.6  893.9 
Mean 61.8 71.6 22.6  727.3 684.8 923.8 
Standar dev. 0.9 9.1 4.1  13.6 117.6 27.9 
40% zein 
63.8 66.4 63.1  1036.5 1222.7 1517.7 
60.2 59.8 71.1  779.1 1006.3 1404.3 
56.9 78.2 56.0  950.9 1200.9 1272.8 
59.2 69.0 61.1  1363.7 1496.2 1133.4 
51.3    1311.5   
Mean 58.3 68.3 62.8  1088.3 1231.5 1332.1 
Standar dev. 4.6 7.6 6.3  246.4 201.5 166.0 
60% zein 
58.3 68.3 62.8  1088.3 1231.5 1332.1 
4.6 7.6 6.3  246.4 201.5 166.0 
60.0 98.7 37.6  832.6 12802.0 581.0 
56.9 66.8 55.5  822.6 1217.2 716.8 
62.1 63.7 24.8  889.1 1124.2 744.9 
Mean 61.5 37.1 49.1  1130.7 1398.6 734.4 
Standar dev.     654.7   
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Table A 8. P values of aged oleic acid-zein dispersions in aqueous ethanol. 
 
  
   P1    P2    P3 
Zein concentration 
%, w/v 
Ethanol content %, v/v  
 
Ethanol content %, 
v/v   Ethanol content %, v/v 
70E 80E 90E 
 
70E 80E 90E 
 
70E 80E 90E 
30%zein 
1.3 1.0 1.1 
 
3.5 1.8 2.3 
 
4.2 4.2 4.0 
1.3 1.0 1.6 
 
4.0 1.9 2.4 
 
3.4 4.1 4.2 
1.2 1.0 1.3 
 
3.5 1.6 2.5 
 
4.2 3.4 4.0 
 
 
1.0 
  
 
2.6 
  
 
3.5 
Mean 1.2 1.0 1.2   3.7 1.7 2.5   3.9 3.9 3.9 
Standar dev. 0.1 0.0 0.3   0.3 0.2 2.6   0.5 0.4 0.3 
40%zein 
1.3 1.2 1.2 
 
4.0 1.9 2.0 
 
4.0 3.6 4.2 
1.4 1.5 1.3 
 
4.2 2.7 2.2 
 
4.0 3.8 4.0 
1.3 1.2 1.2 
 
4.2 2.3 2.5 
 
3.9 4.0 4.0 
1.4 1.5 1.3 
 
4.0 2.1 2.7 
 
4.2 3.6 3.8 
1.9 
  
 
3.7 
 
  
 
3.7 
  
Mean 1.5 1.3 1.3   4.0 2.3 2.3   4.0 3.8 4.0 
Standar dev. 0.3 0.2 0.1   0.2 0.3 0.3   0.2 0.2 0.1 
60%zein 
1.5 1.3 2.5 
 
4.2 3.0 2.7 
 
4.2 4.2 4.2 
1.3 1.4 1.2 
 
1.6 2.9 3.4 
 
4.2 4.2 4.1 
1.2 1.6 1.6 
 
2.8 2.8 2.5 
 
4.1 3.8 3.3 
1.1 
 
1.3 
 
2.2 
 
3.5 
 
4.2 
 
4.2 
Mean 1.3 1.5 1.7   2.7 2.9 3.0   4.2 4.1 4.0 
Standar dev. 0.2 0.1 0.6   1.1 0.1 0.5   0.0 0.2 0.4 
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A.3 USAXS RESULTS OF FRESH ZEIN DISPERSIONS AT LOW PROTEIN CONCENTRATION 
Table A 9. Rg values of fresh zein dispersions at low protein concentration 
  Rg1    Rg2  
Zein concentration 
%, w/v 
Ethanol content %, v/v  Ethanol content %, v/v 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
1% zein 
10.5 16.1 15.1 11.9 
 
680.5 529.1 492.7 611.1 
13.1 11.6 8.0 20.4 
 
623.2 492.5 473.7 648.0 
15.2 16.0 15.7 28.9 
 
602.5 287.2 639.4 464.5 
Mean 12.9 14.6 12.9 20.4 
 
635.4 436.3 535.3 574.6 
Standar dev. 2.3 2.6 4.3 8.5 
 
40.4 130.4 90.7 97.0 
5% zein  
121.3 91.1 69.7 
  
* * * 
 
145.1 88.9 61.8 
  
* * * 
 
123.7 68.9 67.8 
  
* * * 
Mean 
 
130.0 82.9 66.4 
 
    Standar dev. 
 
13.1 12.2 4.1 
 
    
15% zein 
21.9 52.8 28.3 37.4 
 
451.7 672.6 585.6 632.9 
29.6 35.5 36.1 22.4 
 
481.5 579.3 493.4 476.7 
59.9 38.7 33.6 37.7 
 
613.5 711.1 541.4 552.4 
 
37.6 
   
 
673.0 
  
 
36.1 
   
 
672.1 
  Mean 37.2 40.1 32.7 32.5 
 
515.6 661.6 540.1 554.0 
Standar dev. 20.1 7.2 4.0 8.8 
 
86.1 48.9 46.1 78.1 
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Table A 10.  P values of fresh zein dispersions at low protein concentration 
       
   P1    P2    P3 
Zein concentration 
%, w/v 
  Ethanol content %, v/v  
 
  Ethanol content %, v/v  
 
  Ethanol content %, v/v  
60E 70E 80E 90E 
 
60E 70E 80E 90E 
 
60E 70E 80E 90E 
1% zein 
1.0 1.0 2.2 1.0 
 
2.4 2.1 4.1 2.3 
 
3.3 3.6 4.2 4.2 
2.1 1.0 1.0 1.0 
 
4.0 1.4 2.2 2.4 
 
3.5 3.5 3.3 4.1 
1.0 2.4 1.0 1.0 
 
2.4 3.2 1.0 2.1 
 
2.7 2.9 3.5 3.5 
Mean 1.4 1.5 1.4 1.0 
 
2.9 2.2 2.4 2.3 
 
3.2 3.3 3.7 3.9 
Standar dev. 0.6 0.8 0.7 0.0 
 
0.9 0.9 1.6 0.1 
 
0.4 0.4 0.5 0.4 
5% zein 
- 1.1 1.0 1.0 
 
- 4.2 3.7 3.5 
 
NA NA NA NA 
- 1.0 1.0 1.0 
 
- 4.0 3.4 3.3 
 
NA NA NA NA 
- 1.0 1.0 1.0 
 
- 3.3 3.7 3.3 
 
NA NA NA NA 
Mean - 1.0 1.0 1.0 
 
- 3.8 3.6 3.3 
 
NA NA NA NA 
Standar dev. - 0.0 0.0 0.0 
 
- 0.5 0.2 0.1 
 
NA NA NA NA 
15% zein 
1.0 1.0 1.0 1.0 
 
2.2 2.8 2.6 1.5 
 
3.7 4.0 4.1 3.5 
1.0 1.0 1.0 1.1 
 
2.0 2.5 2.0 2.0 
 
3.4 3.3 3.4 3.6 
1.0 1.0 1.0 1.0 
 
2.3 1.7 1.9 2.2 
 
3.3 3.1 3.5 3.4 
 
1.0 
  
  
2.3 
  
 
 
4.2 
  
 
1.0 
  
 
 
2.6 
  
 
 
2.5 
  
Mean 1.0 1.0 1.0 1.0 
 
2.2 2.4 2.2 1.9 
 
3.5 3.4 3.7 3.5 
Standar dev. 0.0 0.0 0.0 0.0 
 
0.2 0.4 0.4 0.4 
 
0.2 0.7 0.4 0.1 
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APPENDIX B 
FLOW BEHAVIOR OF ZEIN DISPERSIONS 
B.1 VISCOSITY OF ZEIN DISPERSIONS 
 
A) 
B) 
C) 
Figure B1. Effect of shear rate on viscosity of  zein dispersions 
at a) 30%, b) 40% and c) 60% zein 
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B.2 VISCOSITY OF AGED ZEIN DISPERSIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
A) 
Figure B2. Effect of shear rate on viscosity of aged zein dispersions at a) 30% and 
b) 40% zein 
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APPENDIX C 
TEM IMAGES OF LUTEIN DROPLETS EMBEDDED IN WPC GELS 
C.1 TEM IMAGES OF MICRON SCALE LUTEIN DROPLETS EMBEDDED IN WPC 
GELS 
Figure C1. TEM images of micron size lutein droplets stabilized in WPC gels 
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C.2 TEM IMAGES OF NANOSCALE LUTEIN DROPLETS EMBEDDED IN WPC 
GELS  
 
Figure C2. TEM images of nano size lutein droplets stabilized in WPC gels 
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Figure C2 (cont.) 
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